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In this work we have analysed 
(A) the elastic angular distribution and total reaction cross section((jj^) for ^'^C—^'^C. 
i^C-^^Ca, i2C-90Zr, and ^^C-^°^Fh systems in the energy range 300 MeV-2.4 GeW 
(B) the elastic angular distribution for ^^0-^^C, ^^O-^^O, and ^^0-^°^Ph sys-
tems in the energy range 300 MeV-1.120 GeV, and ^^O-^^C, ^^O-^^Si, ^^0-^^Ca. 
WQ_90i^^ and i«O-208pb systems at 1.503 GeV, 
(C) the elastic angular distribution for Q — a system in the energy range 25-70 
MeV/nucleon and a—^^Ni, a—^^^Sn, and a—^^^Au systems at 60 MeV/nucleon. 
and 
(D) the total reaction cross section for a particles from ^Be, ^^C, ^^O, '^^Si, ^^Ca. 
58,60^^^ 112,116,120,124^ ^^  ^^^ 208p^ ^^ llj2, 163.9, and 192.4 MeV, and from ^Be. 
12(7, 1^0, 285z, and ^°Ca also at 69.6 MeV. 
The analysis is performed within the framework of the Coulomb modified[l, 2] 
correlation expansion for the Glauber amplitude based on the effective profile func-
tion approach as developed by Ahmad [3]. Emphasis has been put on the parame-
trization of the basic (input) NN amplitude, which may be used for a wide range 
of angles. Our main concern, in this work, is to (i) assess the importance of higher 
momentum transfer (nondiffractive) components of the NN amplitude in nucleus-
nucleus collision, and (ii) predict the behavior of the NN amplitude at energies under 
consideration. 
In part(A), the calculations are performed in three steps: In the first step, we 
have searched for the values of the parameters of NN amplitude that may provide a 
satisfactory explanation of the elastic angular distribution and total reaction cross 
section for ^^C- ^^C system at 300 MeV, 360 MeV, 1.016 GeV, 1.449 GeV. and 2.4 
GeV, and ^'^C-^^Ca system at 420 MeV with the condition that the (free) NN total 
cross section(<T)[4] and the ratio of the real to the imaginary parts of the (forward) 
NN amplitude(p) [5] be correctly reproduced at the corresponding energies/nucleon. 
Retaining up to the two-body density term in the correlation expansion for the 
Glauber amplitude and using the realistic densities for the colliding nuclei, it is found 
that the consideration of two terms in the NN amplitude[6] provides a significant 
improvement over the results with the usually parametrized (one-term) Gaussian 
NN amplitude[7, 8], and we now have quite a satisfactory explanation of the data 
throughout the range of momentum transfer. This clearly indicates the importance 
of large q components, and hence the nondiffractive behavior, of the NN scattering 
at relatively lower energies. Furthermore, it has also been shown that between 
the effective profile and phase expansion approaches, the former one seems to be the 
better choice for microscopic description of ^^C- nucleus scattering at energies under 
consideration. Having obtained the values of the parameters of the NN amplitude 
at 25, 30, 35, 85, 120, and 200 MeV, we, in the second step, assessed the suitabilit\' 
of the extracted NN amplitude for ^^C-^^Ca at 300 MeV, ^^C-^^Zr at 300 and 420 
MeV, and ^^C-^^^Ph at 300 MeV, 420 MeV, 1.449 GeV, and 2.4 GeV. It is found 
that the NN amplitude, obtained in the first step, seems to be fairly stable over a 
wide range of target nuclei. In the third step, we attempted to see the in-medium 
effects on the (free) NN scattering amplitude. For this, we varied the parameters of 
the NN amplitude[6] up to the extent of getting simultaneous (good) descriptions 
of the elastic angular distribution and total reaction cross section without imposing 
any condition on a and p. The results of such calculations support the microscopic 
findings[9, 10] that the in-medium NN total cross sections are less than the free ones. 
moreover, the present study also sheds some light on the possible in-medium effects 
on the other parameters of the NN amplitude. As regards the effect of the phase of 
the NN amplitude, we find that it does not help in improving the results, except for 
about 2-7% enhancement in the values of the total reaction cross section, obtained in 
the second step of our calculations without the phase of the NN amplitude. Finalh'. 
our calculations also highlight the importance of the cm. correlations in nucleus-
nucleus collision at intermediate energies. 
In part(B), we have analysed the elastic angular distribution for the scattering of 
1^0 from i^C, 1^0, ^sgi, '^OQ^^ QO^J.^ ^nd ^o^Pb in the energy range 300 MeV - 1.503 
GeV. To widen the scope of our work presented in part(A), we, in this analysis too. 
emphasize the same parametrization[6] for the basic (input) NN amphtude that ma\-
be used for a wide range of angles. The calculations consider the search for the pa-
rameters of the NN amplitude that may provide the best possible description of th(> 
elastic angular distribution of ^^0-nucleus system at energies under consideration. 
Along with this, we have also imposed the condition that a and p be reproduced at 
the desired energies/nucleon. Retaining up to two-body density term in the expan-
sion for the Glauber amphtude, and using the realistic form factors for the colliding 
nuclei, it is found that we have quite a satisfactory explanation of the data in all tho 
cases. Regarding the parameters of the NN amplitude, we find that, except for the 
phase of the NN amplitude which is indeterminate from the NN scattering observ-
ables and could possibly be different for different target nuclei, the other parameters 
show a consistent variation in the energy range under consideration. Moreover, we 
notice that the real part of the parameter /3|/;v[6, 11], /^ A^fAf' which mainly determines 
the slope of the NN amplitude, increases with the incident energy. This feature of 
the slope of the NN amplitude suggests that the NN amplitude gets less and less 
nondiffractive with the increase in the energy of the projectile. Thus, we find that 
it is not only the trend of /?^ jvAf' t)ut also the contribution of higher terms in the NN 
amplitude[6], which demonstrates the importance of considering the nondiffractive 
behavior of the NN amplitude at relatively lower energies. Next, we have tested the 
stability of the NN amplitude at a given energy. In this connection, our calculation 
for ^^O-nucleus elastic angular distribution at 1.503 GeV shows that once we com-
promise with the phase variation of the NN amphtude, the NN amplitude is fairlx-
stable over a wide range of target nuclei. Moreover, our results show specificall>-
the importance of cm. correlations in a variety of target nuclei in the energy range 
under discussion. As a final remark, we add that the results of the present analysis 
strongly support the findings of our work presented in part(A), in which it has been 
emphasized that there is a need to consider the nondiffractive behavior of the NN 
amplitude in order to provide a satisfactory account of the data at relatively lower 
energies. 
In part(C), we have presented a theoretical study of the elastic a — a scattering 
at 25-70 MeV/nucleon using the leading (first) term of the Coulomb modified ef-
fective profile expansion for the Glauber amplitude for nucleus-nucleus scattering. 
Here we have emphasized the use of a semiphenomenological parametrization of the 
NN amplitude whose small q behavior is understood separately in terms of (i) the 
experimental, and (ii) the in-medium NN total cross sections, whereas the large (j 
behavior is obtained through some adjustable parameters. This parametrization of 
the NN amplitude assumes the same form as that for the N-Q amplitude[12, 13]. 
except that the higher momentum transfer components are treated according to the 
need of the experimental data. Moreover, we have also included the phase variation 
of the NN amplitude. 
By varying the parameters of the NN amplitude, we find that the data are re-
produced fairly well at all the energies under consideration. The slope parameter 
of the NN amplitude is found to increase with the incident energy. Moreover. th(^  
parameters, which are responsible for the large q behavior of the NN amplitude. 
also show their consistent variation with the energy. This, together with the slop(^  
parameter, thus indicates the need of considering the nondiffractive behavior of th(> 
NN amplitude at relatively lower energies. From the point of view of the Q — o 
scattering, we find that the data are reproduced equally well whether we use the 
experimental or the in-medium values of the NN total cross section. But this ex-
ercise leads to two different sets of the NN parameters, suggesting that if one uses 
the experimental value of the NN total cross section, the in-medium effects relating 
Pauli blocking seem to be simulated in the parameters involved in the calculation. 
Moreover, we have demonstrated that the consideration of the in-medium NN totaJ 
cross section leads to an entirely different q dependence of the NN amplitude as 
compared to the one with the experimental NN total cross section. 
To check the suitability of the NN amplitudes in other situations, we study the 
elastic angular distribution of 60 MeV/nucleon a particle scattering on '^^ Ni, ^^^Sn. 
and ^^^Au, for which the values of the parameters of the NN amplitude are extracted 
from the average of their values at 50 and 70 MeV. It is seen that our NN amplitude. 
with the experimental NN total cross section, works reasonably well, and we have 
a fairly satisfactory account of the data up to the moderate range of momentum 
transfer. In order to see if the situation could be improved, we also made another 
calculation in which we allow free variation of the phase of the NN amplitude, 
keeping the other parameters same as obtained from the analysis of Q — a scattering 
data. It is seen that the data are nicely reproduced. The values of the phase variation 
parameter are found to be different for different target nuclei. This indicates that th(^  
phase of the NN amplitude gets modified in different ways by different target nuclei 
at a given incident energy. Since such a variation of the NN amplitude does not alter 
the basic physics of the NN amplitude, we find that a consistently good account of 
the elastic scattering data could be achieved for different a-nucleus systems at tht> 
same energy, using the similar description for the NN amplitude. On the other hand. 
our analysis with the NN amplitude, that involves the proper in-medium NN total 
cross section, highlights the change in the q dependence of the NN amplitude due to 
Pauli blocking when one goes from the a — a case to the a-nucleus one. Moreover, 
we find that the NN amplitude, with in-medium total cross section, is fairly stabl(> 
for those a-nucleus systems in which the Pauli blocking modifies the in-medium NX 
total cross section in almost a similar way. 
Finally in part(D), we have presented a theoretical study of the total reaction cross 
section data of a particles from target nuclei ranging from ^Be-'^'^^Pb at 69.6, 117.2. 
163.9, and 192.4 MeV[14] using the leading (first) term of the Coulomb modified 
effective profile expansion for the Glauber S-matrix for nucleus-nucleus collision. 
Our main focus, in this work, is to assess the suitability of the NN amphtude, used 
in part(C), from the point of view of providing a simultaneous description of the 
elastic angular distribution and a^ in the energy range under consideration. For this, 
we have first calibrated the parameters of the NN amplitude by analysing the a - ^Bc 
total reaction cross section data at energies under consideration. The NN amplitude^ 
parameters, so obtained , are then used to analyse the aji for other target nuclei 
in which we consider the sole variation of the phase of the NN amplitude, whicli 
could be different not only for different target nuclei but also for different incident 
energies/nucleon. We have also predicted the values of GR using the optical-limit 
approximation(OLA) and the first term of the correlation expansion for the Glauber 
S-matrix without considering the phase of the NN amphtude. 
The comparison of the predicted values of GR with and without the phase of th(> 
NN amplitude shows that the consideration of the phase of NN amplitude brings the 
predictions closer to the experiment and we have quite a satisfactory account of the 
data in all the cases. The values of the phase variation parameter show a consistent 
change with the incident energy of the a particle for a given target nucleus, sug-
gesting that the phase of the NN amplitude could be different at different incident 
energies even if the interacting nucleons move in the same target nucleus. In this 
context, it may be further added that since the phase variation of the NN ampli-
tude does not change the basic physics of the NN amplitude, the NN amplitude, as 
obtained in this work, seems to be fairly stable over a wide range of target nuclei. 
Moreover, we notice that the values of the parameters of JNN io) follow the trend of 
the corresponding values obtained in part(C). This shows that the NN amphtude, 
as obtained in part(C) and also in this part, could be used to provide consistently 
a good account of both the elastic angular distribution and a^ at energies under 
consideration. Here, it is important to add that despite of the fact that the semiphe-
nomenological NN amplitude[12, 13] works reasonably well in different situations, 
still it is desirable to have more precise data on elastic angular distribution and 
aji for nucleus-nucleus collision at matching incident energies/nucleon, so that the 
analysis of the said experimental data could provide a better understanding of the 
NN amplitude especially at large q values, at energies under consideration. Further, 
the comparison of our predicted values of a^ using the OLA and the first term of 
the correlation expansion for the Glauber S-matrix, without the phase variation of 
the NN amplitude, shows that the a^ in two cases turn out to be the same. This 
indicates that the OLA does not provide the substantial effect in the uncorrelated 
Glauber model, and hence the OLA and the first term of the correlation expansion 
could be taken as equivalent for providing an independent description of a^ at ener-
gies under consideration. Finally, we conclude that if we look into the simultaneous 
description of the elastic angular distribution and OR, it seems to be the nondiffrac-
tive behavior of the NN amplitude whose consideration may push down Glaubei 
model at relatively lower energies. 
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The history of electron scattering from nuclei is fairly an old topic, as far as 
modern physics goes. It originates with the derivation of the 'Mott formula", 
i.e., the cross section for the relativistic scattering of Dirac particles by point 
nuclei. The experimental confirmation of this point-nucleus theory followed, using 
the electron beams with an energy of the order of 1.0 MeV or less[l]. On the 
other hand, the nuclear scattering of electrons with sufficiently high energy has 
added a new dimension in the study of electron-nucleus collision. In fact, if the 
energy of the interacting electrons is such that their de Broglie wavelength. A= 
h/p, becomes equal to, or smaller than, the spatial extension of the nucleus, 
the scattered electron will 'probe' the structure of the nucleus, i.e., the angular 
distribution of its scattering will be influenced by the extension and shape of the 
nuclear charge distribution with which the electron interacts due to the Coulomb 
force. The deviations of the electron scattering data from the Mott cross section. 
which in principle could be due to a breakdown of Coulomb's law at distances of 
< 1 fm, are, however, interpreted as arising from the finite extent of the nuclear 
charge density, and hence the charge distribution of the nucleus is studied in this 
way. 
The quantitative experimental studies on high energy electron-nucleus scat-
tering were performed during the period 1953-1957 by the groups of Yennie et 
al.[2, 3] and Hofstadter et al.[4-6] at Stanford University, and the advantages of 
high energy electrons to study nuclear structure have also been pointed out. These 
advantages stem from the fact that the incident electron interacts with the target 
nucleus through the well known and relatively weak electromagnetic interaction 
and, for light nuclei, the electron-nucleus scattering is reasonably well described 
by the first Born approximation. Unfortunately, for medium and heavy nuclei, 
this procedure fails. As is well known, the first Born approximation is equivalent 
to considering both the incident and scattered waves as plane waves. Actualh' 
the waves are distorted by the intense electromagnetic field, so that they can no 
longer be considered as plane waves. Perhaps an alternative way of understanding 
the above arguments is that the first Born approximation considers a single scat-
Introduction. 
tering in the field of Z-target protons, while the exact scattering should involve 
multiple scattering in the same force field. More conclusively Yennie, Ravenhall 
and Wilson[2, 3], Brenner, Brown, and Elton[7], and Elizabeth Urey Baranger[8] 
have shown that, for most of the nuclear models of medium and heavy nuclei, 
the exact elastic angular distributions deviated significantly from those predicted 
by the first Born approximation. These deviations involve basically two types 
of discrepancies: (i) the results using the Born approximation show zeros into 
the form factors, while the accurate calculations show minima rather than true 
zeros, and (ii) the radii determined from the Born approximation are, in general, 
larger than those obtained with the exact calculations. The later result ma}' be 
understood by noticing the fact that the de Broghe wave of the incident electron 
appears to be shorter inside the nuclear medium then it is when free. Obviousl>'. 
the Born approximation does not take this into account. 
Despite of the fact that the first Born approximation fails in accounting quan-
titatively the electron scattering data for medium and heavy nuclei, but in am-
case it has been established that the method provides a most valuable tool for 
analysing the electron scattering for light nuclei and is of qualitative value for 
medium and heavy nuclei. Moreover, if we limit ourselves up to low momentum 
transfer region, in which the electron scattering cross section is dominated by 
the monopole scattering, within the first Born approximation, it is proportional 
to a form factor which is the Fourier transform of the nuclear charge (proton) 
distribution. Thus we find that the results of the electron scattering experiments 
could furnish valuable information about the distribution of nuclear charge den-
sity. This makes it very clear that, though the electron scattering experiments 
could provide useful information about the distribution of protons, but the same 
probe may not be used to investigate other situations such as the distribution of 
neutrons and the nuclear many-body correlations. 
Keeping in view the success and also the drawbacks of the electron scattering 
experiments, it has been argued that the medium and high energy hadrons could 
be more useful for investigating the structure of nuclei, as the hadrons, in contrast 
Introduction. 
to electrons, can interact strongly with both the protons and neutrons inside the 
nucleus, and, moreover the momentum transfer may be fairly large. Thus, one 
expects that the analyses of hadron-nucleus scattering experiments could shed 
light on such interesting questions as the distribution of neutrons, the two-body 
and the higher order nuclear correlations, and also the range of validity of various 
nuclear models. 
With this hope, the Brookhaven[9], the Saclay[10], the Leningrad[ll, 12], and 
the UCLA[13, 14] groups have performed a series of experiments with medium 
energy protons. These experiments have not only covered a larger momentum 
transfer region, but also a variety of target nuclei ranging from **He to ^ '^^ Pb. 
Moreover, we had an impressive array of experimental elastic, inelastic, and po-
larization data in the energy range 0.5 to ~ 1.5 GeV. 
On theoretical front, the microscopic description of Glauber multiple scatter-
ing theory[15] (described in detail in Chapter 2) provides a fairly successful tool 
for analysing the hadron-nucleus scattering data at medium and high energies. 
One of the attractive features of the Glauber formalism is that the hadron-nucleus 
scattering amplitude can be understood in terms of the directly measurable (free) 
hadron-nucleon scattering amplitude. In the GeV range, the survej' of the liter-
ature has provided enough evidences in support of the successful applications of 
the Glauber model for proton-nucleus[16-19] and pion-nucleus[20, 21] collisions. 
One finds that the Glauber model holds good in the angular range explored and 
the discrepancy between theory and experiment could be removed by having an 
appropriate description of the ground state of the target. 
The availability of extensive experimental results on intermediate energies pro-
ton scattering from nuclei by the Saclay[10] and the Leningrad[ll, 12] groups have 
motivated many authors to analyse these data. Of these, the work of Auger and 
Lombard[22] on elastic scattering and that of Brissaud et al.[23] on inelastic scat-
tering on ^^C, ^^Ni, and ^°^Pb were very useful from the point of view of testing 
the microscopic densities against the experiments. The results of the analyses of 
Starodubsky and Domchenkov[24] for ^^C and that of Starodubsky[24j for other 
Introduction. 
target nuclei based on the collective model were very encouraging. Moreover the 
use of the Glauber model by Ahmad and Khan[25] and Khan and Ahmad[26] in 
the analysis of the elastic and inelastic (first excited state) scattering of interme-
diate energy protons on ^Li and ^^C has provided valuable information about the 
cluster structure of these nuclei. As the clustering of nucleons is a special form 
of correlations, the analyses[25, 26] explain indirectly the importance of nuclear 
correlations in the study of proton-nucleus collision at intermediate energies. 
In another analysis of the elastic and inelastic scattering of 1.0 GeV protons on 
i2Q^ 391^ ^ 40,48ca, ^^m, and ^o^Pb, Ahmad[27] has considered the phase function 
approach of Glauber theory, in which the collective excitation to one-phonon 
levels are treated using the Tassie vibrational model[28]; the calculations consider 
the effects of both the coupling between the elastic and inelastic channels and 
the two-body correlations. Taking the ground state and transition densities as 
obtained from the electron scattering experiments and making some appropriate 
assumptions for the neutron densities, the results are found to provide a better 
agreement with the data as compared to the earlier analyses. Moreover, the 
analysis has also indicated that the density distributions for protons and neutrons 
in ^oCa and ^o^Pb are diflFerent. 
From a theoretical point of view, many authors[29-32] have studied the suc-
cessive corrections to the Glauber amplitude to extract more microscopic details 
about the target nuclei. One such corrections which has been studied by Har-
rington and Varma[33] concerns the contribution of the two-body correlations to 
proton scattering. By expressing the nuclear density in terms of one-body densit\'. 
two-, three-, and many-body correlation functions, the authors[33] have studied 
the effect of two-body correlation term only using the oscillator model of the 
target. The results of their analysis show the importance of these correlations in 
any realistic study of the proton-nucleus scattering data. However, these results 
suffer from the weakness of not taking into account the spin dependence of the 
basic (input) NN amplitude, and, moreover, the two-body correlation function is 
constructed in terms of the oscillator wave function which is not always adequate 
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for realistic description of nuclei. Keeping in view the limitations of the results of 
Ref.[33], Khan [34] analysed the elastic angular distribution and polarization of 1.0 
GeV protons on "^ He and ^^C within the framework of the correlation expansion 
for the Glauber amplitude [35]. The calculation included both the Coulomb and 
the spin effects. Using the realistic descriptions for target nuclei and retaining up 
to three-body density term in the correlation expansion, it has been shown that 
one needs to consider only up to the two-body density term to provide a satis-
factory explanation of the experimental data in the available momentum transfer 
region. The contribution of the three-body density term is, however, found to be 
marginal except in ^He at high momentum transfers. 
To proceed further, let us recall that the Glauber model is able to provide the 
microscopic description of proton-nucleus collision in terms of the elastic nucleon-
nucleon(NN) scattering amplitude. In the early scattering calculations involving 
Glauber model, the simple Gaussian parametrization for the spin-independent 
NN amplitude, 
fNNiq) - ^ ( 1 - ip)expi-p^qy2), (1) 
47r 
has been extensively used. Here k is the incident momentum in the NN centre-of-
mass(c.m.) system, a is the NN total cross section, ^is the momentum transfer. 
p is the ratio of the real to imaginary parts of the forward NN amplitude /ivw(O), 
and P'^ is the slope parameter. This amplitude assumes a constant phase at all 
the values of g .^ It is found that, at intermediate energies, the parametrization(l) 
fails to account for the NN angular distribution data up to the available range of 
momentum transfer. Since the NN amphtude forms the basis of the (microscopic) 
nucleon-nucleus scattering calculations, and the available nucleon-nucleus elastic 
scattering observables cover a fairly large momentum transfer region, efforts have 
also been made[36] in which the authors, using the (spin-independent) Sugar-
Blankenbecler eikonal expansion for the T-matrix[37], obtained an expression 
for the elastic two-particle scattering T-matrix which is valid in a wide range 
of angles. Using this expression for the T-matrix, they have also introduced a 
Gaussian parametrization of the NN amplitude which could successfully describe 
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the elastic pp angular distribution data at 1.0 GeV for a wide range of angles. 
The NN amplitude, obtained in this way, has been used by Antonov et al.[38] 
to study the elastic scattering of 1.04 GeV protons on "^ C^a in the framework of 
Glauber model. The results clearly show the effects of such an amplitude not 
only in the large momentum transfer region, but also in region around the first 
diffraction minimum. This indicates the importance of a better choice of the NN 
amplitude in any realistic study of the proton-nucleus scattering data. In order 
to improve upon the analysis of Antonov et al.[38], Khan and Singh[39] have 
proposed a spin-dependent parametrization of the NN amplitude(SDNN) which 
can successfully describe the NN elastic scattering observables at 1.0 GeV up to 
the available momentum transfer region. To test the usefulness of SDNN, the 
authors [39] have analysed the elastic angular distribution and polarization of 1.0 
GeV protons on ^He within the framework of the correlation expansion for the 
Glauber amplitude[35]. It is found that the use of SDNN, in comparison with 
the usually parametrized Gaussian NN amplitude(l), improves the agreement 
with the experimental data. In a subsequent work. Khan and Singh [40] have 
analysed the elastic scattering of 1.0 GeV protons on ''He, ^^C, ^^O, and ^°Ca 
within the framework of Coulomb modified correlation expansion for the Glauber 
amplitude[35]. In this analysis, emphasis has been put on the use of different 
parametrizations of the NN amplitude, which provide equivalently good account 
of the elastic NN scattering observables. Using the realistic form factors for 
target nuclei, it is found that the proton-nucleus collision could provide a test 
to have a better understanding of the NN amplitude. Further, the analysis has 
also considered the possibility of extracting some additional information about 
the matter density distributions. 
Another point of interest in the Glauber model analyses is the phenomeno-
logical discussion of the phase variation of the NN amplitude, which has drawn 
considerable interest in the past [41-45]. This is mainly due to the failure of the 
Glauber model to reproduce the elastic angular distribution in the high momen-
tum transfer region[41] with the amplitude(l). Long ago Franco and Yin[41j 
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showed that the consideration of a global phase variation in the NN amplitude, 
which has been accounted by replacing /?^ in Eq.(l) by /?^ + 27 and treating 7 
as a free parameter, significantly improves the Glauber model calculations of the 
elastic scattering of a particles from light nuclei at 1.75(GeV/c)/nucleon in the re-
gion of high momentum transfer. Following the idea of phase variation of the NN 
amplitude, Auger, Lombard, and their collaborators[42, 43], Ahmad and Alvi[44], 
and Wenying and Youyan[45] have also demonstrated that the introduction of a 
global phase in the NN amplitude improves the theoretical findings. 
The successful application of Glauber multiple scattering theory for hadron-
nucleus scattering at medium and high energies has naturally led to its generaliza-
tion to nucleus-nucleus scattering[46, 47] in the corresponding energy domain. It 
turns out that whereas the extension of the theory to nucleus-nucleus scattering is 
straight forward, the analytic evaluation of full multiple scattering series, in this 
case, is beset with serious computational difficulties[47-49]. Here it is interesting 
to note that there is one situation when full Glauber multiple scattering series for 
nucleus-nucleus scattering can be evaluated analjiiically without recourse to any 
approximation, though the final expressions, in general, are rather cumbersome. 
This happens when the NN amplitude is of the Gaussian form(Eq.(l)) and the 
colliding nuclei are described in terms of the independent particle model with the 
Gaussian densities [47]. Using the Gaussian model for the densities of the col-
liding nuclei, Satta et al.[50] have evaluated the full Glauber multiple scattering 
series for the elastic scattering of a particles on "^He, ^He, and '^H at the incident 
momentum of 7.0 GeV/c. They find that the full Glauber model calculations give 
a good qualitative account of the data over the whole momentum transfer region 
which extends up to about 2.0 GeV/c, although strong qualitative disagreement 
with the data, especially in the large momentum transfer region, is present. 
It is generally known that even for light nuclei like ^He the single Gaussian 
model for the ground state density is inadequate, especially in describing the re-
sponse of the nucleus at large momentum transfers[19]. Therefore, it is hardl}-
surprising to find that several approximation methods for evaluating the nucleus-
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nucleus scattering amplitude have been proposed in the literature. Notable 
among them are the optical-limit approximation(OLA) [47, 51], the rigid projectile 
model(RPM)[52, 53], the swarm projectile model[54], and the phase expansion[48] 
and the effective profile expansion[49] approaches. Of these the last two are ex-
pansions of the total elastic phase in an infinite series and of the elastic S-matrix 
in a finite series, respectively. In both the cases the first term of the expansion 
corresponds to OLA and the evaluation of the successive terms becomes increas-
ingly difficult. The first two, namely the OLA and the RPM, are computationally 
simple (the swarm projectile model is essentially the RPM with the roles of the 
target and projectile nuclei reversed). As pointed out above, the OLA consid-
ers only the leading term in the expansion of the nucleus-nucleus phase shift 
function and of the elastic S-matrix. This leading term depends upon the one-
body densities of the colliding nuclei, while the neglected terms depend upon 
the two-body and the higher order densities. Moreover, it should be pointed out 
that the cm. correlations are treated as a global correction multiplied by the 
scattering amplitude. This treatment of the cm. effect is correct for Gaussian 
and harmonic oscillator wave functions whose cm. and relative coordinates can 
be separated out. However, it has been shown[48, 51] that such global proce-
dure is not valid because the cross section diverges at large momentum transfer. 
Franco and Tekou[55] have shown that factorizing out the cm. effect destroys 
the translational invariance symmetry of the scattering amplitude if the multi-
ple scattering series is truncated; they have removed this drawback by invoking 
the cm. correlation in the optical-limit phase shift function. Using the same 
approach. Franco and Varma[48] have improved the optical-limit calculations by 
including the higher order terms up to the fourth order, and the results showed 
that the significant changes in the cross section are obtained. Here it may also 
be mentioned that OLA, without taking into consideration the cm. correlations, 
gives a reasonably satisfactory account of the experimental data provided that 
the calculations are made in the Coulomb modified Glauber model in which the 
conventional Glauber model is suitably modified to account for the deviation of 
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the projectile trajectory due to the Coulomb field[56, 57]. More specifically, it 
is observed that the Coulomb modified Glauber model calculation agrees well 
with the experimental data at lower energies but not so well at relatively higher 
energies at large momentum transfer [56]. This trend of the predictions of the 
Coulomb modified Glauber model calculation may be understood by noting that 
at lower energies the input NN total cross section is quite large. Due to this, 
the OLA phase shift function is highly absorptive at lower energies. Moreover, 
the relatively large Coulomb repulsion at lower energies keeps the nuclear overlap 
region confined to large impact parameter values. Consequently, the scattering is 
sensitive mainly to the very low density region of the colliding nuclei in which case 
the contributions of the neglected higher order terms may be negligibly small. As 
the energy increases, the NN total cross section decreases, making the OLA phase 
shift function less absorptive. Also the Coulomb repulsion effect weakens. As a 
result, the scattering now becomes sensitive to the inner surface region also where 
neglecting the higher order terms in the phase shift function expansion, as is done 
in the OLA, may not be a good approximation. Therefore, it is not unreasonable 
to expect that the inclusion of some higher order terms in the Coulomb modified 
Glauber model calculation may improve the theoretical situation at realtively 
higher energies. 
In order to improve upon the OLA results, Franco and Varma[48], as pointed 
out earher, expanded the optical phase shift function in terms of an infinite series, 
and restricted their calculations to the fourth order term. Also, they treated in 
a consistent way the cm. correlation and the effects of the Coulomb interaction. 
When these calculations were applied to the 1.37 GeV a- ^^C elastic scattering 
data[58], significant improvement was obtained. However, a little disagreement 
was observed at large scattering angles. They attributed it to the truncation of 
the higher order terms in the series, as well as the single Gaussian form factor 
employed. On the other hand, their investigations showed that the fourth or-
der calculations are not adequate when both projectile and target nuclei become 
heavier. Since all the multiple scattering terms are not different, Yin et al.[59, 60] 
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succeeded in introducing a comprehensive method for classifying these terms into 
sets(referred to as orbits). Each orbit contains the scattering terms, each of which 
gives equal contribution to the scattering amplitude. The number of scattering 
terms contained in each orbit (referred to as the length of the orbit) and the orbits 
themselves were found with the aid of the theory of permutation groups. Using 
a double Gaussian density function, they applied this method to calculate the 
complete expansion of the scattering amplitude of a — a collision [59]. The theo-
retical results were in good agreement with the experimental data even at large 
values of momentum transfer. Further applications of the above method using 
various forms of Gaussian density and nucleon-nucleon (NN) scattering ampli-
tude for collisions between composite systems have been carried out [41,61-63]. 
An excellent agreement of the theoretical results with the corresponding experi-
mental data has been obtained. As a matter of fact, the method has proven to be 
useful for collisions between nuclei of mass number < 4. But for heavier nuclei, 
the expansion terms describing different multiple scattering processes became so 
numerous to the extent that it would be very tedious and time consuming process 
to classify these terms using the above mentioned method. Huang[64] proposed 
an interesting technique, based on dividing the projectile and target nuclei into 
clusters of equal number of nucleons, in order to make the application of Yin's 
method tractable. With elaborate treatment, Huang derived an integral formula 
to calculate the complete expansion of the Glauber amplitude of multiple scat-
tering between two composite nuclei where the density function was taken to be 
a double Gaussian form. Using Huang's approach, Shalaby et al.[65] calculated 
the elastic angular distribution for a — a collision, and the results were in good 
agreement with the experimental data[66]. The success in this treatment and the 
absence of similar calculation for heavier masses motivated El-Gogary et al.[67] 
to investigate the elastic collision between two composite nuclei(A,B > 4) in the 
framework of the Glauber multiple scattering theory using the method introduced 
in Refs.[59, 64]. The full elastic angular distributions(nuclear-l-Coulomb) were de-
termined for the collisions a - ^^C and a - ^°Ca at a bombarding energy equal to 
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1.37 GeV, 12C-12C at energies 1.016, 1.449, and 2.4 GeV, and ^^O-^^C at energy 
equals 1.503 GeV by choosing double Gaussian density function for the colhding 
nuclei with parameters obtained by fitting the electron scattering data[68-71]. 
The cm. correlation is accounted for by applying the commonly used global cm. 
correlation correction factors for all orders of scattering. In comparison with pre-
vious optical-limit results (single scattering calculations), the calculated angular 
distributions obtained by El-Gogary et al.[67] showed that the inclusion of the 
higher order terms provides a more satisfactory fits with the experimental data, 
especially at large angles. As a matter of fact, the theoretical results now nicely 
reproduce the data of 1.37 GeV a particles on "^^Ca, ^^C-^^C at 1.016 and 1.449 
GeV, as well as ^^0-^^C at 1.503 GeV while they are still in disagreement with 
the data of a-^'^C and ^'^C-^^C at 1.37 and 2.4 GeV, respectively. 
In another approach, Abu-Ibrahim and Suzuki[72] have performed a Glauber 
model analysis of ^^C-^^C and ^^C-^°^Pb elastic scattering data at 200 MeV/nucleon 
by considering the nucleon-target(NT) interaction as 'elementary'. The profile 
function FTVT for the NT amplitude has either been calculated in terms of the 
profile function for the NN scattering amplitude or obtained by assuming a suit-
able parametrization for the NT profile function. The application of NT formal-
ism shows substantial improvement over the earlier results at small momentum 
transfers. However, in this case also, noticeable disagreement between theory and 
experiment is present at large momentum transfers. 
Later, Ahmad et al.[73] have analysed ^^C-^'^C elastic scattering data at 1.016. 
1.449, and 2.4 GeV within the framework of the Coulomb modified Glauber 
model[56, 57]. Retaining the first two terms of the nuclear phase expansion 
series[48] and using the realistic densities for the colliding nuclei, it is found that 
a good description of the experimental data at 1.016 and 1.449 GeV could be 
achieved by invoking the phase variation in the NN scattering amplitude. How-
ever, at 2.4 GeV, the second order phase term though provides some improvement 
over the OLA results, still the theoretical situation remains unsatisfactory. 
Keeping in view the unsatisfactory results of the Glauber model analyses[67,72-
Introduction 13 
74] of i^C-i^c elastic scattering data at 200 MeV/nucleon, Ahmad et al.[75. 
76] have proposed phenomenological methods for analysing the heavy-ion elastic 
scattering data within the framework of Coulomb modified Glauber model. In 
these methods, instead of using the Gaussian form of the NN amphtude(Eq.(l)). 
the authors have evaluated it in terms of either (i) phenomenological effective 
NN potential, or (ii) effective NN phase shift function, the parameters of which 
are varied up to the extent of getting the best possible fits to the experimental 
data. Application of these methods to some -^^C-nucleus and ^^0-nucleus systems 
shows that a very satisfactory description of the elastic scattering data at several 
energies can be obtained in this way. In particular, the ^'^C-^'^C elastic scattering 
data at 200 MeV/nucleon is nicely reproduced. Moreover, these results show 
that the values of the effective NN total cross sections(cr^ -'^ -^ ) are smaller than 
the corresponding free values (a) [77, 78]. This feature of a^^^ agrees qualitatively 
with the results of the microscopic studies that show that in-medium NN total 
cross sections are smaller than the corresponding free values mainly due to Pauli 
blocking[79, 80]. Further, it has been observed that for a given pair of colliding 
nuclei the deviation of a^^^ from the free value is quite large(~ 40%) at 200 
MeV/nucleon; the enhanced transparency in the nucleus-nucleus collision due to 
much smaller values of a at this energy makes the collision more sensitive to the 
behavior of the NN interaction in the interior region where the NN interaction 
may be reduced considerably due to medium effects. 
Coming to the phenomenological approach for heavy-ion elastic scattering 
within the framework of OLA of the Glauber model(PAGM)[75, 76], it may be 
emphasized that the success of PAGM seems to lie in the choice of the input NN 
amplitude, as the results of the previous OLA calculations with the Gaussian 
form of the NN amphtude(Eq.(l)) are not found to be as satisfactory as the phe-
nomenological one. The reason, why PAGM works so well, may be understood 
from the following argument: 
As discussed in Ref.[75], the Gaussian form of the NN amphtude(Eq.(l)) may 
be well suited at high energies where the small angle NN scattering is mostly 
Introduction 14 
diffractive and peaked in the forward direction, but the same may not be very 
appropriate to describe the NN scattering at lower energies as the scattering in 
this case is nondiflPractive. Therefore, one conjectures that the NN amplitude, 
as obtained in Refs.[75, 76], might be closer to the realistic description of NN 
scattering at lower energies, and hence the success of PAGM may be connected 
with the better choice of the NN amphtude. Moreover, the above discussion gets 
further support, if we note that in the Glauber model calculations for nucleus-
nucleus collision at intermediate energies[56, 67, 73, 74] the required NN scattering 
parameter values, except for (T[77, 78], are found to be very different in different 
studies. 
Our main concern, in this work, is the parameters of the elastic NN scattering 
amplitude which are needed for the microscopic description of nucleus-nucleus 
scattering at relatively lower energies. Here we refer the analyses of Lenzi et 
al.[56], Ahmad et al.[73], and El-Gogary et al.[74]. In these analyses, we notice 
that except for the NN total cross section(cr), whose values are fixed from the NN 
scattering measurements[77, 78], the values of the other parameters, namely p 
and /3^, are adjusted from the mere fitting of the nucleus-nucleus scattering data. 
This is quite concerning, as it leads to different descriptions of the NN amplitude 
at a given incident energy. 
In the following, we propose to use the Glauber model S-matrix for nucleus-
nucleus collision obtained from the Coulomb modified correlation expansion for 
the Glauber amphtude [49], whose first term corresponds to the optical-limit result 
of Czyz and Maximon[47] and in the case of elastic scattering it depends upon 
the intrinsic ground state densities of the colliding nuclei. It differs, however, 
from the expression of Czyz and Maximon[47] in that the ground state densities 
appearing in it are not the independent particle model densities and hence the 
well known cm. correlation correction factor, which gives divergent cross section 
at large momentum transfer[47], does not appear in this formulation. The other 
terms in the correlation expansion depend successively upon the two-, three-, 
and many-body densities of the colliding nuclei. These terms may be regarded 
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as providing the corrections to the optical-Hmit calculation. We emphasize the 
parametrization of the basic (input) NN amphtude, which may be used for a 
wide range of angles. The present work uses two forms of the parametrizations 
of the NN amphtude, one of which is based on the (spin-independent) Sugar-
Blankenbecler eikonal expansion for T-matrix[36](hereafter referred to SINN). 
and the other is a semiphenomenological form (hereafter refereed to as SPNN) 
whose low q behavior may be preserved at the desired energy, whereas the higher 
momentum transfer components are treated phenomenologically. 
As a first step of our calculations, we analyse the elastic angular distribution 
and total reaction cross section for the scattering of 
(i) 12C-12C at 300 MeV, 360 MeV, 1.016 GeV, 1.449 GeV, and 2.4 GeV, 
(ii) i2C-40Ca, at 300 and 420 MeV, 
(iii) ^2C-90Zr at 300 and 420 MeV, and 
(iv) i2c-208p6 at 300 MeV, 420 MeV, 1.449 GeV, and 2.4 GeV, 
using the SINN. Retaining the first two terms of the Coulomb modified correla-
tion expansion for the Glauber amplitude [49] and using the realistic densities for 
the colliding nuclei, we have shown that 
(i) the consideration of higher momentum transfer components, and hence the 
nondiffractive behavior, of the NN amplitude provides a more satisfactory ac-
count of the data than does the conventional Gaussian parametrization of the 
NN amplitude(Eq.(l)), 
(ii) the phase of the NN amplitude does not help in improving the theoretical 
situation, 
(iii) the qualitative treatment of the in-medium effects seem to reduce the (free) 
NN total cross section and influence the other parameters of the NN amplitude 
as well, and 
(iv) the cm. correlations play an important role at the energies under consider-
ation. 
Moreover, we have also discussed the suitability of the correlation expansion ap-
proach [49] in the present context. 
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In the second part, we have analysed the elastic angular distribution for the 
scattering of ^^O from ^^C, ^^O, ^^Si, ^°Ca, ^^Zr, and ^°^Pb in the energy range 
300 MeV-1.503 GeV. To widen the scope of our work in the first part, we, in this 
analysis too, use the Coulomb modified correlation expansion for the Glauber 
amplitude[49] and involve the parametrization SINN for the basic (input) NN am-
plitude. The calculations aim the search for the parameters of the NN amplitude 
that may provide the best possible description of the elastic angular distribution 
of ^^0-nucleus system at energies under consideration. Our results show that, 
except for the phase of the NN amplitude, which is indeterminate from the NN 
scattering observables and could possibly be different for different target nuclei 
and also different for different incident energies, the other parameters show a 
consistent dependence on the incident energy/nucleon. Moreover, we have shown 
that the parameter which controls the slope of the NN amplitude increases with 
the incident energy/nucleon. More specifically, our results suggested that the NN 
amplitude gets less and less nondiffractive with the increase in the energy of the 
projectile. Moreover, we find that our NN amplitude is fairly stable over a wide 
range of target nuclei at a given incident energy. 
The third part of our calculations considers the elastic a-nucleus scattering in 
the energy range 25-70 MeV/nucleon. Here also the analysis is based upon the 
Coulomb modified correlation expansion for the Glauber amplitude[49]. But the 
parametrization of the NN amphtude is not the same as used in the first and 
second parts. In connection with the SINN, it should be noted that though the 
SINN predicts the experimental values of the NN total cross section[77, 78] and 
the ratio of the real to the imaginary parts of the forward NN amplitude[81], 
but inclusion of its higher momentum transfer components may not ensure the 
same low q behavior as obtained from the Gaussian parametrization of the NN 
amplitude(Eq.(l)). Keeping this in mind, we, in the analysis of the a-nucleus 
scattering data, propose a semiphenomenological parametrization of the NN am-
plitude(SPNN) that may preserve low q behavior, whereas the higher momentum 
transfer components are treated phenomenologically through some adjustable pa-
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rameters. The analysis also considers the medium modification of the NN am-
plitude due to Pauli blocking [79, 80]. Using the realistic form factors for the 
colliding nuclei, we have shown that the data are reproduced satisfactorily well 
up to the fairly large value of momentum transfer. Our findings suggest that the 
proper account of the higher momentum transfer components of the NN ampli-
tude may push down Glauber model to relatively lower energies, and increase its 
validity in the region of relatively large momentum transfers. 
In the final stage of our work, we have presented the analysis of the total 
reaction cross section for the scattering of a particles from ^Be, ^^C, ^^O, "^^Si. 
^^Ca, ^^'^^Ni, 112,116,120,1245„^  208p^ g^^ gg g^  II7 2, 163.9, 192.4 MeV. The purpose 
of this work is to assess the suitability of the NN amplitude as obtained from the 
analysis of a-a elastic scattering data in the energy range 25-70 MeV/nucleon, and 
to see how far the higher momentum transfer components of the NN amplitude 
are important in the analysis of the total reaction cross section data. 
Briefly the contents of the thesis are as follow^s: 
In Chapter 2, we describe Glauber multiple scattering theory which forms 
the basis of the present analysis. Chapter 3 presents a review of the correlation 
expansions for the Glauber amphtude. The basic inputs needed in the calculation 
for nucleus-nucleus scattering are presented in Chapter 4. The numerical results 
are presented and discussed in Chapter 5. Chapter 6 presents the summary and 
conclusions of the present work. 
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2.1 Introduction 
In quantum mechanics, we generally encounter, three classes of approxima-
tion methods to handle complex problems. They are: perturbation method, 
variational method, and semi-classical method. Perturbation method produces 
series expansion for quantities of interest in powers of a variable which specifies 
the departure of the given problem from an exactly soluble case. For example, 
in scattering problems, the scattering amplitude is expanded in powers of the 
strength of the potential, giving the well known Born series. Variational method 
produces the best estimate out of a given class of trial solutions. Semi-classical 
approximation is used in situations involving large quantum numbers or when 
the de Broglie wavelength associated with the relative motion is much smaller 
than the characteristic dimensions of the system. More precisely semi-classical 
methods are used to obtain expressions for wave functions and other quantities 
of interest which are correct in the limiting case where Planck's constant is small 
in comparison with the action functions occuring in the corresponding classical 
problem. 
The semi-classical method for quantum scattering problems assumes a rather 
simple form in the domain of medium and high energies where it may be safel}-
assumed that the projectile follows a straight line trajectory within the interaction 
region. This straight line or the eikonal approach has been extensively studied 
and developed for medium and high energy nuclear scattering by Glauber and 
others[15, 47] and is known in the Uterature as the Glauber model. 
In the following we will mainly deal with the eikonal description or the Glauber 
model for nuclear scattering at medium and high energies. We wiU first consider 
high energy potential scattering to derive a simple expression for the elastic scat-
tering amplitude in terms of the interaction potential. This result will next be 
used to develop a microscopic description of the nucleon-nucleus and the nucleus-
nucleus scattering. 
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2.2 Eikonal Approximation 
To start with, let us consider the scattering of a particle of mass m and mo-
mentum p{= hk) from the interaction potential V{r}, which for simpUcity is 
assumed to be spin-independent. The scattering problem consists of solving the 
Schrodinger equation, 
277? 
(V^ + fc^) H^ = ^ V{r} tPir), (2) 
subject to the boundary condition that at large distances from the interaction 
region the wave function ^p{r) has the asymptotic form 
i^^,{r)^e''-^^+m~, (3) 
i.e., the sum of the incident plane wave and an outgoing spherical wave with 
scattering amplitude f{9). We choose the incident wave to have unit density so 
that the incident flux is the incident velocity v. The flux scattered through solid 
angle dO. is just 
\f{e)\' 1 V r' dn, (4) 
so that the corresponding differential element, da, of the cross section is given by 
Flux through dn um\\2^n IK\ 
"' = InMent flu. = l^'*>l ""^ <'' 
The problem, as we have stated it thus far, falls into two parts. It is necessary 
to find functions which satisfy a partial differential Eq.(2) and among these to 
choose the one satisfying an asymptotic boundary condition(3). Now for many 
purposes it is useful to have a more unified formulation of the problem, one which 
incorporates both the Schrodinger equation and its boundary condition. Such a 
statement may be obtained by means of an integral equation. As the first step in 
formulating an integral equation we introduce the free particle Green's function. 
G o^(^ i ^ 0) ^ ^ solution of the inhomogeneous wave equation 
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(V^ + e)Go{f,r') = f^S{f-r'). (6) 
The similarity of this equation to the Poisson equation permits one to see that 
the solution has the singularity l / | r — r'\. The general solution may easily be 
seen to be 
47rn^ | f - r ' | 
where a + P — 1. We shall define Go{f, r') to be the amplitude which corresponds 
to the steady radiation from a coherent source at r'. We, therefore, choose a =1. 
so that our free particle Green's function is 
47r/i |r — r I 
Now, it is easy to see that the expression for xp{f) given by 
V;^ (r) = e^ -^*' + JGo(r,?)V{r') jPj^{r')df' (9) 
satisfies the Schrodinger equation identically. To see if the asymptotic behavior 
is correct, we expand for large |f| = r, noting that 
-> T' f \r-r'\-^r , (10) 
r 
as the ratio \r'\/r approaches zero. The latter ratio is indeed small when r is 
large since the region of the r' integration extends only over the region where 
V{f) is diflFerent from zero. Now let us define a propagation vector pointing in 
the direction f, 
kr = \k\- = k-. ( i r 
r r 
Prom the integral equation 
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we obtain as r ^ oo 
We see that this has the required asymptotic form. Furthermore, we have ob-
tained an exact expression for the scattering amphtude. 
To make the notation expUcit, we may replace the symbol f{6) for the scat-
—* —* 
tering amplitude by the more general notation f{k, k') which designates the am-
plitude for scattering from the direction fe to a direction fe', where of course we 
have I A;'I = |^|. The scattering amphtude is then given by 
m k') = - 1 ^ / e-'"'-' Virl M^ dr. (14) 
From this it is clear that we only need to know the wave function in the region 
where V{f) 7^  0 in order to have an accurate evaluation of the scattering. Here it 
may be noted that up to this point no approximation has been made and hence 
Eq.(14) gives an exact expression for the scattering amphtude. 
To evaluate the scattering amphtude from Eq.(14) one needs tpj^. This amounts 
to solving the Schrodinger equation with the appropriate boundary condition. 
Since in general it is difficult to obtain analytic solution of the wave equation, 
physical considerations are invoked to obtain approximate expression for ^^(r) 
to be substituted in Eq.(14) for evaluating the scattering amplitude. 
In the following, we give a brief account of an approximation method for solving 
the high energy scattering problem as developed by Glauber[15]. The method, 
as we shall see, provides one to estimate correctly the intensity of a predominant 
part of the scattering. 
We initiate the discussion of the approximation method by writing the integral 
Eq.(12) for the scattering of a spinless particle from the interaction potential V(?^. 
Now if the energy E of the incident particle is such that it greatly exceeds the 
interaction potential V and the associated wavelength A(= 2nk'^) is much smaller 
than the characteristic size 'a' of the interaction : 
^ << 1; ka» 1, 
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it is reasonable to assume that the incident particle follows almost a straight 
line trajectory along the incident direction(FIG. A). In other words it is a good 
approximation to assume that the wave function ip];{r) is of the form: 
M^ ^ e'^-^'g{f), (15) 
which is the product of the incident plane wave and a function g{f) which is a 
slowly varying function to be determined shortly. If k points along the positive 
z-axis, then g(f) satisfies the following boundary condition: 
g{f) —> 1 as z —>• —oo 
PLANE WAVE 
FIG.A 
Substituting Eq.(15) in Eq.(12), we obtain the following: 
g{r} = 1 - 2m f e^ '^ l^ --'-"'! " ''^•(^-'"'^ 
Anh' I f—r'\ -V{?) g{r') dr'. 
Defining a new position variable r" by 
r" = f — r', 
the above equation may be written as: 
g{r) - 1 - 2m r e '^^ '"" - '''•''"'> 
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Now if we assume that the functions V(r) and g{f) both vary slowly in a par-
ticle wavelength, the regions in which the exponential oscillates rapidly may be 
expected to reduce the contribution of the integral on the right hand side of 
Eq.(18) considerably. If we consider points f* which he within the volume occu-
pied by the potential, the maximum contributions to the integral will come for 
the values of r" lying close in direction to k, since for these values the exponential 
is nearly constant. 
To be more exphcit, let us assume that the functions V(f) and g(f) vary 
appreciably only within a distance d. Pending a detailed discussion on d, we for 
the time being assume it to be much larger than A. Integrating the right hand 
side of Eq.(18) over the angular variables by parts we have 
g(f) = l + -^ J dr" V{f- r") g{f- r") + ^ ( ^ j ' (19) 
where 
IX = cosik.r") 
The terms neglected by the asymptotic approximation are, as indicated, of rela-
tive order 1/kd. The Hmit yu = — 1 corresponds to the points r" antiparallel to k. 
Since in this case the exponential varies rapidly, the contributions of the yii = — 1 
term is of order 1/kd and is therefore negligibly small. As a first step, therefore. 
we are neglecting the backward scattering. We are thus left simply with the term 
-* -* 
corresponding to r" parallel to k, 
g{r) = ^ - ^ I ^ ( ^ - r") 9{r- r") |^,||g dr", (20) 
where v is the velocity of incident particle. 
The appearance of the above equation is somewhat simpler in cartesian coor-
dinates, 
g{x, y,z) = 1- — J V{x, y,z- z") g{x, y,z~ z") dz" 
i c°° 
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The solution of Eq.(21) is seen to be 
g{x,y,z)^e-^^ / : ^ K ( . , . , . ' ) d^ '^  (22) 
so that the approximate wave function is 
V',-(x,y, z) = e ' ' ^ -^ ^-oc^(-•^'-') ^-'. (23) 
RecaUing the scattering state boundary condition that at larger distances the 
wave function should consist of the incident plane wave and an outgoing spherical 
wave. We see that wave function(23) is missing a good many of the things, e.g.. 
a spherical outgoing wave. But it should be remembered that the arguments 
leading to Eq.(23) are intended to hold only within the volume occupied by the 
potential. The Eq.(23) therefore need not represent the wave function for larger 
distances. Fortunately, as is evident from Eq.(14), it is only necessary to know 
the wave function within the range of the potential in order to calculate the 
scattering amplitude. 
Before evaluating the scattering amplitude, it will be convenient to define 
certain coordinate vectors. Let k be the unit vector, 
l^ i = 1, 
pointing in the direction of the incident propagation k which, as before, will be 
taken to lie along the positive z-axis. Then any position vector f may be resolved 
as: 
f=b + kz, (24) 
where 6 is the impact vector lying in a plane perpendicular to k (FIG.A). With 
this notation, the wave function xjj{f) assumes the form 
, / ^ ik.r--i- r V{b+kz') dz' .^t.^ 
^jt(r) — ^ • (25) 
Next, substituting the above wave function into the Eq.(14) for the scattering 
amplitude, we obtain 
f{k, k') = - - ^ / e-'^'-^^ V{f) ^-'--^ /-oo ^ (^ >^ '^) ^^ ' dz d\ (26) 
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where (Pb denotes the integration over the plane of the impact vectors. The above 
expression may be rewritten in the following form: 
f^k^k') = - ^ le'^'-'^'^-^'^^'\V{b + kz) e - ^ /-== ""^'^'"'^ ''' dz cfb. (27) 
—# -* 
Now, energy conservation requires \k'\ — \k\ so that for small scattering angles 
the vector {k — k') is nearly perpendicular to the beam direction k. Hence 
^i{k-k').{kz) _ -^ ^28) 
In fact, the error of approximating the exponential exp[i(A;—A;').A;z] by unity is only 
of order (l-cosO)kd ~ ^^kd, where 6 is the scattering angle and d is the distance 
within which V and g vary appreciably. This places the following restriction on 
the scattering angle 6: 
e^kd « 1. 
With this simplification, the z integration is simply that of an exact differential 
and leads to 
k 
£ii\ L J |_ 
d'b . (29) 
This is the basic result for the elastic scattering amplitude of a spinless particle 
from the interaction potential V(f). 
For potentials with azimuthal symmetry, we may further integrate the angular 
part in Eq.(29 ), the result is 
i% = ik / Jo(g6) 1 - e'"^^^^ b db, (30) 
1 /•2'r 
MQb) = ^ l e"^"^'^Ucf>, (31) 
where q (= |(^ - A;')|)=2k sin(^/2) is the momentum transfer, JQ is the zeroth 
order Bessel function, and 
X{b) = - ^ 1^ V{b + kz')dz' (32) 
is known in the hterature as the phase shift function[15]. 
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It will be convenient to abbreviate these formulae by defining what is generall}-
termed as the profile function 
r(6) = l-e^>^W. (33) 
Then the scattering amplitude for the momentum transfer hq is just the two-
dimensional Fourier transform of r(6): 
m = ^ I e^'^-'m d'b. (34) 
The inverse Fourier transform of Eq.(34) is 
where cfq' is a two-dimensional element of integration in a plane perpendicular 
to k. 
In obtaining Eq.(30), it has been assumed that the projectile follows the 
straight line trajectory along the incident momentum k. This introduces a kind 
of asymmetry between the incident momentum k and the final momentum k'. A 
better description may be obtained by assuming that, in the interaction region, 
the projectile moves in the direction of the average momentum ^^(FIG.B) defined 
by 
ka = ^{k + k'). (36) 
Naturally, for high energy small angle scattering(q/k«Cl)|^| ?« \k'\. 
Next the momentum operator p in the wave equation expanded about ka and 
approximated as(^ = 1): 
if)' ^ 2.ka.p- kl (37) 
Substituting the above approximation for p ^ in the wave equation, taking the 
z-axis along k^ and proceeding as before, one obtains the same expression for i{q) 
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as given by Eq.(30) with the understanding that now the phase shift function 
x{b), as given by Eq.(32), is to be evaluated by integrating along ka- In this 
approach we need not invoke the approximation defined by the Eq.(28). 
1 < / \ \ hA-X^ 9 • \ -
FIG.B 
So far we have not said much about the approximations that have been used 
in deriving the Eq.(30) for the scattering amplitude. We shall now take a close 
look at the accuracy and the limitations of the above approach. 
In the above derivation we have used the fact that if V and g are slowly varying 
functions of f and vary appreciably only over a distance d, we may consistently 
neglect terms of order 1/kd. This raise the natural question as to what is the 
distance d. 
To investigate this let us assume as before that the potential varies appreciabl}' 
over a distance 'a'. According to Eq.(22), g(f) varies appreciably over the distance 
h v/V. Evidently, the distance d is, in order of magnitude, the smaller of these, 
i.e., for 
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Va/h v> 1, 
we have 
dr^h v/V. 
In either of these cases we evidently require both the conditions 
A;a > > 1 and V/E < < 1 . (38) 
Next in order to find the angular range of the approximation we use the limitation 
e^kd < < 1. 
Therefore, for 
Va/h V <1, 
we see that the approximation is consistent for only angles smaller than the angle 
of order of magnitude l/vkd; 
hence 
e <0 Ullkd\ for {Va/h v<l). (39) 
On the other hand, for 
Va/h f > 1, 
we have 
e<0 {JVJE] . (40) 
Both of these according to our assumptions, Eq.(38), are indeed small angles. 
However, it is important to note that nearly all of the scattered intensity is 
concentrated, in both cases, at angles which are much smaller still, i.e., for 
Va/h V <l, 
it is clear from the Born approximation that an average angle of scattering is 
{6) - l/ka, (41) 
while for 
Va/h V > I, the W.K.B. method shows 
{9) ~ V/E. (42) 
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In both the extremes the typical scattering angles are well within the angular 
range of the approximation. These inequalities have a most important conse-
quence. They allow the approximation to furnish satisfactory estimates of the 
total cross section in spite of its limited angular range. 
Before proceeding further, it is instructive to establish correspondence between 
the approximate expression for f{q) as obtained above and the usual partial wave 
expansion for the scattering amplitude 
i °° 
m = ^ E ( 2 ^ + 1)[1 - e'''']Pi{cose). (43) 
"^^ 1=0 
Using the large / and small angle approximation for Pi{cos9), 
Pi{cos6) « Jo [2 (/ + 1/2) sm(^/2)], (44) 
and the correspondence {5i is the phase shift) 
kb<—>(/ + l/2), (45) 
X{h) = x{~^^^25u (46) 
the sum in Eq.(43) may be replaced by an integration over the impact parameter 
b, giving the result 
/•oo 
f{q) = ik dbb Jo(2 kb sin{e/2))[l - e'''^% q = 2ksin{d/2) (47) 
io 
which is the same as Eq.(30). 
Finally, it is useful to check the self consistency of the approximation developed 
above. Using the optical theorem (flux conservation), 
at = —ImfiO), (48) 
where cr^  is the total cross section, the Eq.(30) gives 
at = 2 J[l ~ Re{exp{ix{b)))] d%. (49) 
Next, the total elastic cross section a^i is 
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a,i = j\f{lk')\^dng. (50) 
Using the relations 
(ft 
/c2 
dClg = ^ ^ , (51; 
I^i(k-k').ib-b')^2^> = {27rf S\b- 9), (52) 
we have 
a,i = I \e'^('^ - l\'d%. (53) 
Hence for real x (no absorption) 
a,i = 2J{l-Re{e'^^'^})d%, (54) 
which agrees with Eq.(49). 
In the presence of absorption the total cross section at includes the absorption 
cross section (Ja(= cr^  ~ <^ e/) ^ well. It is easy to see that the latter is given by 
a„=/'[l-|e'>^(^")|2]rf2^. (55) 
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2.3 Glauber Model for Nucleon-Nucleus 
Scattering 
In the previous section we have considered the problem of potential scattering 
and obtained the basic result for the scattering amplitude. We now generalize 
the potential approach for a system of particles. Although, the present discussion 
is specialized to intermediate and high energy nucleon-nucleus scattering, yet 
the method is quite general and can be profitably applied to other appropriate 
situations. For example, the method has been applied to study the electron-atom 
scattering[82, 83] and has been found to be quite successful. 
Let us begin the discussion by considering collision of the incident nucleon 
with a nucleus in terms of encounters with the constituents in the target and 
ignoring the spin and i-spin degrees of freedom of nucleons. The incident nucleon 
on entering the nucleus may collide with a single target nucleon, or with many in 
succession. The problem is complicated by the fact that the range of interaction 
of the incident particle with a nucleon may not be smaller than the distances 
which separates nucleons in the nucleus. It will often happen, therefore, that the 
incident particle interacts strongly with several nucleons at once. The general 
treatment of such problems by means of multiple scattering theory is well known 
to be rather comphcated. It is at this point that the use of diffraction theory 
leads to great simplification. 
In the elementary diffraction theory, the phase shift brought about by a nucleon 
is the same as if the interaction region surrounding it were a medium with an 
appropriately chosen complex refractive index; the interaction region absorbs, 
perhaps appreciably, and refract slightly as well. We may imagine then that, as 
in optics, when a wave passes through two or more such regions, the changes 
which take place in its amplitude are multiplicative. If that is true, than we need 
not know the detailed structure of the individual interaction; the total complex 
phase shift of the incident wave is simply the sum of those produced by the 
individual nucleons. 
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To be more specific, let us assume that a set of A target nucleons occupy fixed 
positions si,S2, ,SA relative to the axis of collision. The vectors si, S2, , ,s'4 
are projections of the position vectors r*i,r2, ,fA of A target nucleons on a 
plane perpendicular to ^(FIG. C). The wave representing the incident particle 
passing through the entire system acquires a total phase shift XJV(^; s'l, -SA) 
depends on the positions of the nucleons, as well as on the impact parameter b. 
Our basic assumption is that the total interaction V;^{fi, ,7^4) between the 
projectile and the target nucleus is the sum of the individual interactions between 
the projectile and the target nucleons, i.e., 
VN{fu ,rA) = EV{u), (56) 
1=1 
where V(f'j) is the interaction between the projectile and the i*'^ target nucleon. 
This leads to 
iXN(b;si ,SA) _ piX\{b-si)+ +iXA{b-SA) 
= e 
where Xj is the phase shift function for the 7 " target nucleon 
(57: 




( * ) 3 
FIG.C 
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If we define the profile function 
TN{b;s„ ,SA) = 1 - e'^^^'-^'^' ''^\ (58) 
for the entire set of nucleons, then we see that composition law for the profile 
function is 
A 
rN{b;sr SA) = 1 - n [l - ^NN{b- Sj)] , (59) 
where Fjviv is the profile function for the f^ target nucleon. The second term 
on the right hand side of Eq.(59) is usually referred as the Glauber model S-
matrix operator for the nucleon-nucleus scattering. By expanding the product in 
Eq.(59), we obtain the sum 
A _^ A ^ 
r jv(? ;Sl SA) = X ] r jV iv ( f t - Sj) - Y2 TNNib- S j ) r i v j v ( ^ - Sm) 
i= l j<m 
A _^ 
+ X! ^NN{b-Si)TNN(b-Sj)TNi^{b-Sk)+ A terms. (60) 
i<j<k 
This expansion plays quite a basic role in the multiple diffraction theory; the 
first term corresponds to the coherent scattering from A distinct nucleons, the 
second term describes the successive scattering from two nucleons, and so on and 
so forth. 
The target nucleons are, of course, not fixed but moving in the initial state of 
the nucleus and they are more or less free to recoil. The dynamical behavior of 
the nucleons may be taken into account if we assume that the energies transferred 
in the elastic collision process are negligibly small, and that the initial nucleon 
velocities do not alter the basic interactions. With these assumptions, it is not 
difficult to show[15] that the amplitude for collision in which the nucleus goes 
from an initial state \i) to a final state | / ) , is simply given by the matrix element 
of the function ryv(^; Si s^) : 
Ffiiq) = ^ /e^%|r^(6;s i SA)\I) dH. (61) 
The function VN{^;SI SA) must be invariant under coordinate translations. 
Hence, if the states \i) and | / ) take proper account of the cm. motion of the 
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nucleons, we will find that Ffi{g) contains a factor of three dimensional delta 
function which expresses the conservation of total momentum. The scattering 
amplitude which we measure is the factor which multiplies this delta function. It 
is easy to show[15] that this scattering amplitude, let us call it Ff,{q), takes the 
same form the expression Ffi{q) would take for scattering by a nuclear system 
whose cm. is constrained to remain fixed at the origin. 
If 4>i and (j)f are the internal wave functions of the nuclear system for the initial 
and final states respectively, then we may write the scattering amplitude Ffi{q) 
in the form 
FMq) = ^ / e ^ ' V / ( { r ; } ) r ^ , ( 6 ; 5 i 5^)0i({r;})<5(^ E ^ . ) I I ^ ^ ^ - A (62) 
in which the delta function expresses explicitly the constraint upon the nuclear 
cm., and it ensures that the final nucleus is in a state of a well defined momen-
tum. Because of this condition the wave functions 0 have to be calculated with 
respect to the cm. of the nucleus. If we express the function F^ by means of the 
composition law(59), we then have 
^^•(^"^=^/^""7w^^» i-f[{i-rMb-Sj j = i 
X M{rj})S (jE^j) Udrmd'b. (63) 
For practical purposes it is convenient to express Ffi{q) in terms of the basic NN 
amplitude f^Nio)- This can simply be achieved through Eq.(35). The result is 
f«to-)=Tn j ^-"^ j m m [i - n (i - ^  /^^*''"*'/«-(*)A 
x « { ' V } ) i ( ^ E ' ' . ) n < ' * ' ™ ' ' ' ' ' - (64) 
An important point worth noting in Eq.(64) is that the determination of the 
scattering amplitude has two-fold interest: the nuclear physics is contained in the 
wave function (f) and the elementary particle physics is contained in the elementary 
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NN amplitude fNNio}- Thus to the extent that the parameters of the nuclear and 
particle physics are independently determined, the theory is seen to be parameter 
free. 
If we expand the product in the integrand in Eq.(64) and examine the succes-
sive terms which result, what we find is a species of multiple scattering expansion. 
It is worth noting, for example, that the same nucleon index never occurs twice in 
any of the multiple scattering terms and that in a nucleus with A nucleons, one 
never has more than A-fold scattering. These simplifications are present because 
the scattering is implicitly assumed to take place mainly in the forward direction. 
Two remarks about the above expression are in order. First, Eq.(64) describes 
only the nuclear scattering. When the projectile is charged as is the case for 
protons, consideration of Coulomb scattering becomes important. This will be 
discussed later. Second, Eq.(64) assumes that neutrons and protons which con-
stitute the target nucleus are identical. Generalization to the case where their 
treatment as non-identical constituent particles becomes important (such as when 
neutron and proton density distributions are investigated from proton scattering 
experiments) is straight forward. 
Let us now study a rather simplified model of a nucleus. For elastic scattering, 
we require only the density distribution of the ground state: 
p(ri, ,fA) = i^Gi^i,....,fA)rpG{ri, ,fA)- (65) 
We now make the assumption that the nucleons in the nucleus are completely 
uncorrelated, so that the density function factors into the product of A terms 
p(^i, ,^4) = p{ri) X X p{fA). (66) 
Inserting this into Eq.(64), we see that all the fj integrations would factorize if 
it were not for the cm. delta function. By use of an ingenious transformation due 
to Gartenhaus and Schwartz[84], it is possible to remove this delta function, but 
the result is only simple if we are dealing with the harmonic oscillator wave func-
tions. We therefore take all the A nucleons to be Is bound states in a harmonic 
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well of range 1/a. Then 
p{r) = (aV7r)= /^2g-a2r2_ ^g^^ 
The Gartenhaus-Schwartz[84] prescription is now to neglect the delta function 
constraint and multiply the remainder by exp{q'^/4:Aa'^). This recipe is also valid 
if the nucleons are in Ip or higher states. With these assumptions, the proton-
nucleus elastic scattering amplitude(64) becomes 
"' e-'^'-h-'''""''"fNN{q') 
(68) 
To move further, let us forget the difference between protons and neutrons. 
Due to this, the parameters of the NN amplitude may be taken as the average 
of those for neutrons and protons, and when the parametrization(l) is fed into 
Eq.(68), we get 
2TT J i - n 1-
a( l - ip)a'^exp[-a%'^l{l + 2 Q ^ / ? ' ) ] \ 
27r(l + 2a2/?2) j 
(69) 
Since there is no exphcit j dependence in the product of Eq.(69), this simply 
becomes a quantity to the power A. This can be expanded in a power series in A 
and the Fourier transform done analytically. The result is 
(^,-^  = l^fi±^)e.V.. ^ (A\ (-ly^^ 
27r Q^ "' E G") 3=1 
X exp 
cr(l — ip)Q^ 
27r(l + 2Q2/?2) 
(1 + 2ci'p^)q 2a2\„2 
Aa^j (70) 
The above expression, first derived by Czyz and Lesniak[85], has all the gen-
eral properties associated with more complicated models of the nucleus. Obvi-
ously this expression misses few things such as (i) the spin-dependence of the NN 
amplitude, (ii) the difference between protons and neutrons, (iii) the nuclear cor-
relations, and (iv) the Coulomb effects when dealing with a charged projectile. 
Eikonal Description of Nuclear Scattering 38 
Moreover, the prescription of Gartenhaus and Schwartz[84] for taking into ac-
count the effect due to cm. correlation may not be adequate in situations where 
the target nuclei are not described by the harmonic oscillator wave functions. 
The above considerations, may, however, be taken into account, in the realistic 
studies of the proton-nucleus collision at energies under consideration. 
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2.4 Glauber Model for Nucleus-Nucleus 
Scattering 
In this section we describe application of Glauber model for calculating nucleus-
nucleus elastic scattering. For this we consider scattering of projectile nucleus B 
described by the wave function ipQ '{r[, , r^) on the target nucleus A de-
scribed by the wave function V'o (n , >^A) in the cm. system. The coordi-
nates r*i(i=l,2, ,A) and rj{i=l,2, ,B) are the intrinsic coordinates of nuclei 
A and B, respectively. Let hK be the momentum associated with the relative 
motion of the two nuclei, and s*j(i=l,2, ,A) and Sj(j=l,2, ,B) be the projec-
tions of fi and r'j on a plane perpendicular to K, respectively. Now if b is the 
impact parameter, the total phase shift function XN is given by. 
XN(b) = J:J:x{b-s. + s]) (71) 
Hence using Eqs.(58) and (61), the elastic scattering amplitude for nucleus-
nucleus collision may be written as: 
ik (72) Foo(g) ='^Jd'b e-^^ [l - ( # V r |e^5:.E,x(S-^^^^)| ^(B)^^ 
Obviously, the S-matrix opierator in this case is 
5(6) = e'S^^^'^'^'-''^+^'-^ (73) 
= nn[i-r(?-5-; + 5;.)]. (74) 
Thus the basic problem in the study of nucleus-nucleus elastic scattering is to 
evaluate the elastic S-matrix element 
Seiib) = ( # V f ^ |5(6) |4 ' 'VS^0 (^5) 
with respect to the target as well as the projectile ground state. 
Evaluation of Sei{b) presents a formidable problem even if it is assumed that 
both the target and the projectile are described by the independent particle 
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model. Therefore, it is hardly surprising to find that the above expression has 
been treated differently by different authors in order to have a reliable scheme 
for scattering calculation. 
Czyz and Maximon[47] were perhaps the first to study nucleus-nucleus scat-
tering in detail in Glauber model. Using the independent particle model and 
assuming Gaussian single particle densities, these authors showed that the mul-
tiple scattering series in Eq.(75) converges very slowly. In consequence one must 
consider fairly large number of terms in scattering calculation particularly at large 
momentum transfers. 
Application of Czyz and Maximon[47] approach to nucleus-nucleus scattering 
calculation presents two major problems. First, nuclear densities can not be 
approximated by the Gaussian model except for very light nuclei and second, 
when the multiple scattering series is truncated at some point, which one is 
forced to do for non-Gaussian models, and the cm. correlation correction factor 
which multiplies the independent particle model amplitude makes the calculated 
amplitude diverge at large momentum transfers. 
The above remarks become obvious by considering the so called optical-limit 
expression for the elastic scattering amplitude which Czyz and Ma:x;imon[47] ob-
tained by neglecting certain class of terms in the multiple scattering series. The 
optical-limit expression reads as: 
Foo(g) = OA{q)OB{q)'^ jd% e'^-^ [l - e-^B/pA(0PB(P)r{6-r+P)drdPJ (^ g^ 
where PA{B) is the independent particle model density for the target(projectile) 
nucleus. The quantities OA and 63 are the cm. correlation correction factors for 
the target and projectile nuclei, respectively: 
dA{q) = e'^""''<. (77) 
eB{q) = e''"'^^<, (78) 
where 0:^(5) is the oscillator constant for target(projectile) nucleus. 
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It is because of 9A{q) and 9B{q) that the calculated amplitude diverges when 
the optical-limit is considered or the multiple scattering series is truncated at 
some point. 
Chapter 3 
Correlation T^ansionsfor the Q(auber 
ArtvpCitude (S^ucCetLS-S^ucCevs Collision) 
3.1 Effective Profile Function approach 
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3.1 Effective Profile Function Approach 
According to the Glauber scattering theory, the scattering amphtude describ-
ing the elastic scattering of a projectile nucleus with ground state wave function 
xpQ ^ on a target nucleus with ground state wave function ^Q ^^Y be written as: 
iK r - r - 1 
F^M = ^ y ^'^ expiiq.h) [l - Sei{h)] , (79) 
5eK?) = (#Vri5(6)|4^VS^^ (80) 
with 
Sib) = n n [l - ^NN{b- Si + s])] , (81) 
where A and B are the mass numbers of the target and projectile nuclei, re-
spectively, Si{s'j) are the projections of the target (projectile) nucleon coordinates 
on the plane perpendicular to the incident momentum K, and the NN profile 
function F^N is related to NN amphtude /NN ^'-
TNNib) = ^ /e- ' ' ' fNN{q)d \ (82) 
where k is the incident nucleon momentum corresponding to the projectile kinetic 
energy/nucleon. 
The basic idea of the effective profile function approach [49] is to expand the 
S-matrix operator S{b) in terms of the effective profile function j^j defined by: 
where 
lij = roo{b)-rNN{b-Si + s'j), (83) 
-. /• - -. - -. 
Foo{b) = J PAir)PB{r')TNNib - Si + s'j)df dr' 
= ^ J dqq Uqb)FA{q)FB{q)fNN{q). (84) 
Here pA{r){FA{q)) and pB{f){FB{q)) are the intrinsic one-body densities (form 
factors) of the target and projectile, respectively. They are different from the 
model densities used by Czyz and Maximon[47]. 
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Now, writing 
S{b) = f[l[{l-roo + l^j), (85) 
we get the effective profile expansion as: 
AB 




So{b) = [1- roo(fe)]^^ (87) 
Si{b) = 1(1 - Too)^^-' E E E 7 n . i 7 , . , . %jr (88) 
n i l i2J2 kit 
The primes on the summation signs indicate the restriction that two pairs of 
indices can not be equal at the same time (for example, if zi = 12 then ji 7^  J2 and 
vice versa). Substituting the expansion(86) in Eq.(80), one obtains the following 
expansion for the elastic scattering amphtude in ascending orders of the effective 
profile function: 
AB 




FM = ^ J exp{ig.b)[l - So{b)] d \ (90) 
and 
Fi{q) = -'-§ I expiiq.b) {4^Ui^^Si{b)\4^^4^^) d%. (91) 
The sum in Eq.(86) starts from I = 2, since the / = 1 term does not contribute 
to the elastic scattering. 
The first term FQ^Q) in Eq.(89) corresponds to the optical-limit result of Czyz 
and Maximon[47] and depends upon the intrinsic ground state densities of both 
the projectile and the target. It differs, however, from the expression of Czyz 
and Maximon[47] in that the ground state densities appearing in it are not the 
independent particle model densities and hence the well known cm. correla-
tion correction factor which gives divergent cross sections at large momentum 
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transfers[51, 86] does not appear in the present formulation. The Eq.(90) is the 
same as obtained by Malecki and Satta[87] by invoking the closure over the tar-
get and the projectile states and neglecting all but the ground state terms. The 
other terms Fi{q), which are of the /*'' order in the effective profile 7,^, involve 
the /*'' body density of both the target and the projectile nuclei. These may be 
regarded as providing corrections to the optical-limit calculation. More explicitly, 
the ground state expectation value of ^2 which gives F2{q) is of the form: 
ij i'j' 
(92) 
with Tij = r{b — Si + s'j). In terms of the ground state densities (form factors), 
the above expression may be written as [49]: 




^22(6) = fd^cPq^ e-^(^"'^ +«)-^>f (9l,9-'2)Ff (-gl,-g2)/,v;v(gi)/^^(g2), (94) 
G2i{b) = J d\d% e-^('-i+'"'^ )-^F^(9i + q2)FS\-qu -g2)/iviv(gi)/.viv(g2), (95) 
Gn{b) = ld%d\ e-'^^'+^^^'F^^\qr,q2)FB{-qi - g2)/iViv(9i)/ivyv(g2), (96) 
and 
G^{b) = (^jd^q e-'^^'FA{q)FB{q)fNN{q)y • (97) 
The quantities FA{B){Q) and F)^}gAqi, 5*2) in the above expressions are the one- and 
two-body (intrinsic) form factors of the target(projectile) nucleus respectively: 
FAiB){q) = jPAiB){f^ e'^-^'dr (98) 
Ff^B){Qi^q2) = jP%){n,f2) e^ ('"'-^ "'^ +^ --^ -^ )dfi0?f2 (99) 
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The expansion(89) for the elastic scattering amphtude permits an easy inter-
pretation. The first term describes multiple scattering of all orders allowed by 
the theory in which after every collision between projectile and target nucleons 
the two colliding nuclei remain in their ground states. This becomes more trans-
parent by deriving the Eq.(87) for So(b) in an alternative way. A straightforward 




Now invoking closure, if one inserts between the profile functions T the identity 
operator J2^iu\'^lf^i'lf^){'^l^^''Pl^^\ ^^^ neglects all but the ground state terms 
{lj.=i/=0), one obtains the Eq.(87) for So{b). 
The other terms in the expansion(89) represent respectively the contributions 
of the double, triple and other multiple scattering between the nucleons of the two 
colliding nuclei which involve virtual excitations of the target or the projectile or 
both. The effect of these virtual nuclear excitations, which is sometimes called the 
quasi-elastic shadowing(Malecki and Satta[87]), is seen to be better expressed as 
multiple scattering occuring between projectile and target nucleons in a nuclear 
medium via the effective profile 7ij(cf. expansion(86)). 
It may also be pointed out that when either A or B equals unity the expan-
sion(89) reduces to the correlation expansion for the hadron-nucleus scattering 
amplitude(Ahmad and Auger[35]). 
In principle, expansion of the elastic S-matrix seems preferable over that of 
the elastic phase function as proposed by Franco and Varma[48] (discussed in the 
next subsection). The latter contains an infinite number of terms compared with 
the finite(AB-l-l) terms in the present approach. Thus truncating the expansion 
in the two approaches at the same order may in general give different results. 
especially in situations where AB is small, for example in collisions involving 
very light nuclei. Moreover, in some cases, the present approach permits an 
evaluation of a closed expression for the total scattering amplitude, for example 
when the independent particle model with Gaussian densities is used. 
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Alkhazov[88] has proposed another approach for evaluating the elastic scatter-
ing amplitude. The essential point of his formulation is to write 
( # V f |^5(6)|4^VS^ )^ = (1 - Goib))^^, (101) 
and expand Go as 
G,ib) = Y: C ^ W , (102) 
N>1 
where G^^^ ~ T^ with G^Q^ = Too(6). In this approach the series for Co also 
contains an infinite number of terms. Thus it seems difficult to provide a direct 
interpretation for the expansion in terms of the multiple scattering processes. 
Further, it is worth mentioning that Alkhazov's approach[88] for nucleus-nucleus 
collision is a generalization of his correlation expansion formalism for nucleon-
nucleus scattering(Alkhazov[32]), in which case it has been noted(Ahmad and 
Auger [35]) that it gives results somewhat different from the correlation expan-
sion for nucleon-nucleus scattering obtained from the effective profile function 
approach(B=l in this formulation) or, which is essentially the same, the many 
body density expansion approach used by Harrington and Varma[33]. One dif-
ference between the present approach and that of Alkhazov becomes apparent by 
considering the situation when the expansions are terminated at the two-body 
density term. In the latter approach higher powers of the two-body density term 
are present because (I-GQ) is raised to the power AB. Hence the two approaches 
will be essentially similar only if the contribution of the higher order terms are 
small, which may not in general be true. 
Now the evaluation of the first term So(b) in Eq.(86), which depends upon the 
intrinsic ground state densities of both projectile and target nuclei, is trivial. To 
evaluate the ground state expectation value of ^2(6) we must know the intrinsic 
two-body (densities) form factors F^^g^{qi,q2) of the colliding nuclei. These we 
obtain following the approach of Feshbach et al.[89]. The essential point of this 
approach is the assumption of a model wave function xpQ \fi f^ v) of the nucleus 
with N nucleons, in terms of which the model one-body and two-body densities 
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may be written as follows: 
PMif^ = ^ E ( 4 ' ' V ( r - r - ; ) i V ' D , (103) 
PMin,r,) ^  ^ ^ ^ _ ^ ^ E(V'rV(^1 - rDSir-, - rlMr). 
Their Fourier transforms are 
(104) 
FM{q) = ^ Ei4''^\^''-'M''^) = (V'rie^'-IV'D, (105) 
and 
= {^pi^'^\e''^''•'^'''e''i''•'^'''\^pi|''^). (106) 
We now need to establish the relation between these model quantities and the 
intrinsic ones. For this purpose considering first 
Fuiq) = (Vr|e^^"'-'ie^^--^|4^^'), (107) 
—* —* —* 
where r i (= fi — R) is the intrinsic coordinate and R is the cm. coordinate. For 
an exact solution the model ground state wave function of the nucleus is 
4'^^=Mr\ rl)Xcm{R), (108) 
where 0o is the intrinsic wave function of the nucleus and Xcm describes the motion 
of the cm. Then 
FM{q) = F^{q)F{q), (109) 
where 
Fcm{q) = {XcmW^-^\Xcm), ( H O ) 
and 
F{q)^{ct>,\e'^-<\<j>^). ( I l l ) 
The quantity F{q) in Eq.( l l l ) is the required one-body (intrinsic) form factor 
of the nucleus. Relationship(109) is approximately correct for an approximate 
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wave function tpQ to the extent that the motion of the intrinsic coordinates and 
the cm. are not correlated as imphed by Eq.(108). To that approximation(109) 




Equation (109) is exact also if IJJQ ' is expressed in terms of harmonic oscillator 
wave functions, with the proviso that the cm. wave function Xcm is in one given 
harmonic oscillator state. In this case Fcmio) has the form: 
F^{q)^exp{-q^lANa''), (114) 
where a^ is the oscillator constant. Unfortunately the harmonic oscillator model 
is not always adequate, still it seems reasonable to assume that the expression 
(114) provides a good approximation to the more realistic situation. In the same 
way the two-body (intrinsic) form factor of the nucleus may be obtained from the 
following equation: 
FS\q[,q2) = F,m{qi^q2)F^^\qi,q2), (115) 
where Fj^' is the model two-body form factor obtained from Eq.(99) by replacing 
the intrinsic density by the model one. The quantity {Fcm{q))~^ in Eq.(114) is 
the cm. correlation correction factor which has been represented earher by 9{q) 
in the section 2.4. 
Next, to account for the two-body correlations in nuclei we assume that the 
model two-body density may be written as: 
P^M{r{, r^) = pM{r{)pM{r'2)[l - gc{\r\ - r^l)], (116) 
where 5'c(kl—^^|) is the phenomenological correlation function. Following Chaumeaux 
et al.[29] we further assume that QC simulates both Pauli and the dynamical two-
body correlations and is of sufficiently short range so that PM{^ varies little over 
its range. 
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Now using Eqs.(109), (115), and (116), and keeping in mind the assumed 
short-range nature of ^c, the intrinsic two-body form factor may be written as 
f'^ 'toi.*)=%i+.^ ) ( ^ i ^ -5. (^^] o.i.-,^&). (U7, 
where gdo) and D M ( 9 ) are the Fourier transforms oigdr) and pii{r}, respectively. 
The phenomenological gd'f^ should satisfy the following requirements. It must 
be of sufficiently short rangCi become unity for r=:0 to account for the hard core in 
the NN interaction, and its volume integral must be zero. This last requirement 
is to preserve the normalization of PA,/(rl,r^) so that its integral with respect 
to any one of its coordinates equals the (model) one-body density. Clearly the 
generally used single Gaussian correlation function 
g,{f} = expi-ryt''), (118) 
with b as the correlation range does not satisfy the last requirement. One may 
still use the above correlation function provided one multiplies the right hand 
side of Eq.(116) by a normalization constant A^o which is determined from the 
condition that[90, 91] 
j p^S{r,,r^)dr-[df2 = l. (119) 
Needless to say, this approach still suffers from the weakness that the one-
coordinate integration of p ^ (rl,r^) does not give the model one-body density. 
However, if the correlation volume is sufficiently small, the error involved is also 
expected to be small. In any case, when the correlation function is given by 
Eq.(118) the normahzation(119) is preferable than using the totally unnormal-
ized two-body density. 
Another correlation function which possesses all the desired characteristics 
including the one of its volume integral being zero may be written as: 
1 gc{r) = , 3 \ 3 x a^expi-a^r^) - b^exp{-b^r^) [a 0 ) a > b (120) 
This has the drawback that it contains two parameters(a and b) about which we 
know little. 
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In order to have some idea of the effect of using a different parametrization for 
the correlation function, Ahmad[49] made calculations using the Eq.(120) for gdf) 
also. However, in this case the choice of parameters 'a' and 'b' presented some 
problem. He tentatively fixed b{< a) such that the spread oigdr) is essentially the 
same as that of the nuclear matter correlation function calculated by Moniz and 
Nixon[92]. Calculations using different reasonable values for 'a' showed that the 
effects of this parametrization of 5c(r) ^^^ essentially the same as obtained with 
the parametrization of gc{f) given in Eq.(118). In other words, his calculation 
showed that the effect produced by the parametrization(120) can be fairly well 
described by the parametrization(118) by a suitable choice of the correlation range 
parameter. 
With these considerations, the elastic angular distribution and the total reac-
tion cross section(crR) for the nucleus-nucleus system are then calculated using 
the expressions: 
^ = \F{q^9) + eFiq^7r-e)\\ (121) 
with e= 1 for identical systems, otherwise zero. 
an = ld'b[l-\SM\']- (122) 
Finally, it is to be pointed out that the distinction between protons and neu-
trons may be incorporated in FQ only, as it is expected to be the leading term in 
the scattering amplitude. The term F2, however, involves the average values of 
the parameters of the NN amplitude. With this modification, Eq.(90) takes the 
form 
^'^^ - ^/e'^'^xfi-ci-rgg)^-^- (i-r^o")''^ ^" (i-rg^)^-^- (i-rs^)^-^«] d^ b. 
(123) 
with 
r^'' = lpA{r)PB{^mN0-s + s') drdr', (124) 
where NA{NB) is the number of neutrons in target(projectile) nucleus, and each 
of m and n stand for a proton and a neutron. 
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3.2 Phase Expansion Approach 
In the phase expansion approach, we follow the method developed by Franco 
and Varma[48]. In this method, one writes the Glauber model S-matrix element 
Sei{b) for nucleus-nucleus collision in terms of the nucleus-nucleus phase shift 
function XN{^) through the relation: 
SM^e^'^'^^'l (125) 
and define a function /(A) as: 
/(A) = (V '^ t f ^ l n n [l - AFiVivl?- 5, + s])] l^^'Vi^'). (126) 
Then, using expressions(79), (81), and (125), we get 
iXN{b) = lnf{X)\x=i 
= i E Xm{b)- (127) 
J T l = l 
The first term in the Eq.(127), namely Xi{b), gives the so called optical-limit 
approximation. It depends upon the one-body densities of the colliding nuclei 
and it is this term that has been used in most of the applications of the Glauber 
model to heavy-ion scattering at medium energies. The next term X2(^ ) depends 
upon the two-body densities of the colliding nuclei, and, in the language of the 
correlations, this term may be termed as a two-body correlation term. Similarly, 
the other higher order terms in the Eq.(127) are responsible for the higher order 
nuclear correlations. Since, in this work, we would be interested up to the two-
body density term, the first two terms in the Eq.(127) may be expressed as[48, 49]: 
iXiib) = -AB r{b) (128) 
1 - - AB 
% W = " 2 [^^foo(6)]' + —[{A-l){B-l)G22{b) 
+ iA- 1)^2(6) + {B- l)G2,{b)], (129) 
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where 
m = ^ J dqq Mqb)FAiq)FB{q)fNN{q), (130) 
and G22, G12, and G21 have the same expressions as given in section 3.1. The 
quantities F^iq) and Fsiq) are the one-body (intrinsic) form factors of the target 
and projectile, respectively. 
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3.3 Inclusion of Coulomb Scattering 
In sections 3.1 and 3.2, we have not considered the effects due to Coulomb 
scattering. This is, however, found to be important for nucleus-nucleus collision 
over a wide range of momentum transfer [93]. In this case though we are concerned 
with the extended charge Coulomb effects, but, as discussed in Ref.[93], the same 
can be incorporated in the same way as for the proton-nucleus collision. Thus 
the Glauber expression for the nucleus-nucleus elastic scattering, with Coulomb 
effects, takes the form: 
;i3i: Fooio) = fM + '-^Jd'b expiiq.b) e'^"^^'^ [l - e'^^-^'^SM . 
where fdq) is the point Coulomb scattering amphtude, 
Uq) = -2r)k exp{i^,)/q\ (132) 
Xptib) is the point Coulomb phase shift, 
Xpt{b)^2r)\n{kb), (133) 
Xcib) denotes the Coulomb phase shift due to the charge distributions of the 
coUiding nuclei [93], and 
— tan 
r - f l r + li 
(134) ct>, = -27][\n{q/2k) + 5]+2Y^ 
r=0 
with S as the Eular's constant. 
The Eq.(131) has been further modified[56, 57] to account for the deviation in 
the eikonal trajectory because of the Coulomb field(FIG.D). Following Faldt and 
Pilkuhn [94] this deviation can be incorporated by replacing b in Sei(b) by b'. 
which is the distance of the closest approach in Rutherford orbits and is given by 
kb' = T] + {ri^ + k%y/\ (135) 
where rj = ZAZBe^/hv is the Sommerfeld parameter with ZA{ZB) as the tar-
get(projectile) atomic number and v the projectile velocity. 
Correlation Expansion for the Glauber. 55 
PIG D: Schematic of the projectile trajectory 
without and with Coulomb field. 
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4.1 NN Amplitude 
It is well known that the NN scattering amplitude plays quite an important 
role in microscopic description of the hadron-nucleus and nucleus-nucleus colli-
sions within the framework of the Glauber multiple scattering model. This shows 
that there is a need to have the best possible description of the NN amplitude 
so that one could assess the suitability of the Glauber model at energies under 
consideration. In this connection, it is important to note that keeping in view the 
very basis of the applicability of the Glauber model at high energies and small 
scattering angles, the early Glauber model based calculations have involved the 
simple (one-term) Gaussian parametrization for the spin-independent NN ampli-
tude(l), which has got diffractive features and usually assumes a constant phase 
at all the values of the squared momentum transfer. Obviously, such a form of 
the NN amplitude may be appropriate provided any one of the nuclear form fac-
tors of the colliding nuclei in nucleus-nucleus collision falls off rapidly with the 
momentum transfer, as the NN amplitude is folded with the nuclear form factors 
where the full range(0 to oo) of the momentum transfer is required. As a matter 
of fact, if the nuclear form factor is not a fast decreasing function of the momen-
tum transfer, and also if the NN amplitude has nondiffractive behavior, which 
is found to be the case even at intermediate energies[38, 40], it seems justified 
to use that form of the NN amplitude which may describe the NN scattering up 
to the relatively large scattering angles (momentum transfers). In other words, 
corrections to the eikonal description of the Glauber model for nuclear scattering 
become necessary in order to provide a realistic picture of the nucleus-nucleus as 
well as the proton-nucleus collisions. In this connection, the work of Wallace[95] 
is worth mentioning; the author has shown that the corrections to the eikonal 
(Glauber) amplitude are substantial even at small scattering angles. The method 
of obtaining the corrections employed in Refs.[95, 96] is based on a modification of 
the Sugar-Blankenbecler eikonal expansion for the two-body T-matrix[37]. Unfor-
tunately, this method gives very difficult expressions which contain in an explicit 
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form the interaction potentials, and because of a great amount of calculations it 
seems an impossible task not only to perform realistic calculations of the differen-
tial cross section, but even to evaluate the contribution provided to the amplitude 
by the higher corrections. 
Keeping in view the complexity of the corrections involved in Refs.[95, 96], 
Golovanova and Iskra[36] developed a method in which they have further modified 
the form of the Sugar-Blankenbecler eikonal expansion, different from the one 
used in Refs.[95, 96], and obtained an exact analytic expression for the elastic two-
particle scattering T-matrix which is valid at all the scattering angles and appears 
to be a converging power series of the eikonal profile function T{b) provided that 
|r(b)| < 1. The method of Golovanova and Iskra[36] proceeds as follows: 
Just as in Ref.[97], Golovanova and Iskra[36] proceeded from the Sugar-
Blankenbecler eikonal expansion 
T = f + tGoAGoT, (136) 
where f is the eikonal two-body scattering matrix and Go and Go are the free 
and the eikonal Green functions, respectively, and 
A = Go'^  - Go ^  (137) 
is called the defect function. 
Iterating Eq.(136), we get the following infinite series: 
T = f + TGoAGot + TGoAGoTGoAGof + (138) 
The first term in Eq.(138) is the eikonal on-shell matrix which is related to the 
profile function r(6) as: 
{k'\T\k) = - j ^ - j dH T{h) expiiq.b). (139) 
Further, the profile function r(6) may be expressed through the eikonal phase 
shift function xiP)-, 
r(b) = 1 - exp[2ix{b)]. (140) 
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The other terms in Eq.(138) involve the eikonal off-shell T matrices which have 
been obtained in an expHcit form in Ref.[98]. In the eikonal two-body Green 
function 
Go = [kn{kn - k,)/m + ir)]'^, (141) 
the z-axis is taken in the direction of the momentum kn = (1/2) (A: -f k') where 
k and k' are the initial and final momenta of the projectile. The free Green 
function takes the usual form 
Go = -{l/2m)[{k^ - q') + iv]-\ (142) 
where q~k' — kis the momentum transfer. 
Let us now use the operator identity 
(x + ir})-'^ = Pil/x) + iTx5{x), (143) 
where P ( l /x ) corresponds to the integration in the sense of the principal value. 
and then represent the eikonal Green function (141) as a sum of two terms: 
{k'\Go\k) = {k'\G'^\k) + {k'\&Jf\k) (144) 
The first term in Eq.(144) corresponds to the 5 shaped term in Eq.(143). In the 
momentum representation it can be written as: 
{k'\G'^\k) = - {p^^ 5^'\k' - k)5{kn - k,). (145) 
Considering the approximation with all functions GQ in the series of Eq.(138) 
replaced by Gg" determined by Eq.(145). The second term in this series is 
= j ^{k'\f\k,) (hlGolh) ( 4 | A | 4 ) 
x{ks\G^\k^) {k4f\k)ond% d%. (146) 
Substitute into Eq.(146) the expressions(142) and (145) and also the defect func-
tion(137) in the momentum representation 
{k'\A\k) = 6^'\k' - k) fM^!LZM ^J^ + ^ + J±], (147) 
^ ' ' ^ ^ ' \ m 2m 2m 2mJ ^ ' 
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For the off-shell T-matrices one may use the expHcit form as obtained in Refs.[98]. 
Upon integration one obtains the following expression for AiT"" : 
{k'\AiT°^\k) = fJ'.Q^^^ jd^h I d^9exp{-ik'.h)exp{ik.9)Y{b)V(b') 
X Id%^exp[ik,^.{b - g)]i^^^^^ (148) 
Introducing S^'^^b' - b) and integrating d'^b' we get 
{k'\A,T''^\k) = - ^ ^ ' ± y d'b expiiq.b) r'{b). (149) 
For any term of A„T°" we may obtain the following relation [99]: 
mAnT^k) = --±^'±^ jdHexpiiq.b) V^+\b). (150) 
Hence, in the ^-approximation the total r°"-matrix is written[97] as: 
r- = -^It^j^'^^^yC^-i) r-^^ii). (151) 
Now consider another approximation for the two-body T-matrix. Using the op-
erator identity 
GoAGo = - i j - ^ = Go - Go, (152) 
we present the series(138) as: 
T = f + f{Go - Go)f + t(Go - Go)f (Go - Go)r + (153) 
where 
Ti =f-fGof + fGQfGof (154) 
Using the explicit form of the eikonal off-shell T-matrices[98] and the relation(141) 
for the eikonal Green function Go we can obtain an exact expression for any term 
of Eq.(154). The appropriate integrations will yield 
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r p = {k'\ - fGot\k) 
= -J^s'^Jd'b expiig.b) [r(6) + [1 - r(6)] ln[l - r(6)]] (155) 
In Ref.[99] it was demonstrated that formula(151) works well when describing the 
experimental data at |r(6)| < 1. Hence, we expand the logarithm on the right 
hand side of Eq.(155) to obtain 
(*1TG„TW = ^ - / d ^ . e x p W . 6 ) i : ^ ^ j ^ ^ ^ (156) 
Comparison of Eqs.(156) with (150) shows that 
oo on 
^l"(" + 1 ) 
oo o n 
= - E -r-Tu'^ [(G'oA(?°")f f{GoAGr)t] , (157) 
n = l ^ V * ^ "I" •*•/ 
which is then used to obtain the expansion for GQ: 
00 nn 
G'o = - E 77—rv^^^^^^^^^ f{GoAG^), (158) 
n = l " V " ' •*" •••/ 
where the n^'^ term on the right hand side contains n Green functions GQ". We 
then return to the starting eikonal expansion(138) for the exact T-matrix, using 
for Go the relation(158). Consider 
( oo o n \ 
- E . _^^.(goAG'g")f' X X f{GoAG^)\ f. (159) 
Because of GQ being present after the intermediate momentum integration, the 
multiphcation by the complex GQA, according to Eqs.(142) and (147), over the 
entire range of scattering angles is equivalent to the sign reversal on the right 
hand side of Eq.(159). As a result 
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In complete analogy with this result, one can calculate the matrix element of other 
terms in Eq.(138) and eventually obtain the exact expression for the T-matrix: 
1 ik (mk) = - j ^ , ' - I d'b expizq.b) 
oo oo n \ 
1=1 ni... .Tii=l J = l / 
Now, if we take the single Gaussian parametrization for the NN profile function. 
m = ^^^^i^;^e-'^^^^\ im) ^ [<^(1 - ip)] „-bV20^ 47r/?2 
with a,p, and P'^ the same as defined in Eq.(l), it is found[38] that the eval-
uation of the integrand in Eq.(161) leads to the following expression for the 
(spin-independent) NN scattering ampHtude: 
2(n + l)J' ^ ' 
where the coefficients An are found to satisfy the following recurrence relation: 
ika^ . fa r ( l -zp)»+i 
_ vll A2 A3 An 
"+' " n(n + l) ^ (n - l)n ^ ( n - 2 ) ( n - l ) ^ ^ 1 2 ' ^ ^ 
with Ai = 1, and /?^(= /^ ^ + ^A )^ may be complex. 
The amplitude(163) has three adjustable parameters, namely a, p, and /?^. 
which would be renamed as (TNNI PNN, and P%j^ in order to avoid confusion as a. 
p, and /?2 also appear in Eq.(l), where they have altogether different meanings. 
The values of these parameters are chosen under the conditions that (i) the optical 
theorem be valid, (ii) the ratio Re/ArAr(0)/Im//yfiv(0) be equal to the experimental 
value, and (iii) the experimental elastic angular distribution for the NN scatter-
ing(if available)and/otherwise the experimental elastic angular distribution for 
nucleus-nucleus collision be correctly reproduced. Moreover, a phase variation 
proportional to q'^ can be introduced in the NN amphtude(163)[41] by multiply-
ing it by e~*^ * Z^ . Here it may be noted that for n=0 the above form of f^^-
reduces to the usually parametrized spin-independent (one-term) Gaussian NN 
amplitude[100, 101]. 
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Although the NN ainplitude(163) is vaUd in a wide range of angles, and is able 
to reproduce the experimental values of the NN total cross section(a)[77] and 
the ratio of the real to the imaginary parts of the forward NN ampUtude(p)[81]. 
the inclusion of its higher momentum transfer components may not ensure the 
same low q behavior as obtained from the (one-term) Gaussian parametrization 
of the NN amplitude [100, 101] with the existing values of the (forward) slope 
parameter. This suggests that if we are interested to assess the role of higher 
momentum transfer components of the NN amplitude without affecting its low q 
behavior, there is a need to consider that form of the NN amplitude whose low 
and high q components may be treated as independent. One expects that such a 
choice of the NN amplitude could be helpful in providing some useful information 
regarding the importance of higher momentum transfer components of the NN 
amplitude in nucleus-nucleus collision at relatively lower energies. Keeping this in 
view, we have also proposed, a semiphenomenological parametrization for the NN 
amplitude that may preserve the low q behavior, whereas its higher q components 
are treated phenomenologically: 
fNNiq) = ^ ( 1 - ip) e-^^'^^-^^"'/' [1 + T{q)] , (165) 
with 
T{q) = J: X, q'^^^'\ (166) 
i=l,2.. 
where a, p, and /?^ have the same meanings as in Eq.(l), 7 is the phase variation 
parameter, Aj are the free parameters. This parametrization of the NN amplitude 
assumes the same form as that for the N-Q amplitude[102, 103], except that the 
higher momentum transfer components, which enter through T(g), are treated 
according to the need of the experimental data. 
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4.2 Nuclear Form Factors 
For computational simplicity, we parametrized the required nuclear form fac-
tors as a sum of Gaussian, that is, 
F{g)^^aje-'^''\ (167) 
j 
where Uj and bj are the parameters, whose values are determined by fitting the 
proton form factors as obtained from the charge densities after correcting for the 
finite size of the proton. The values of the parameters aj and bj for ^He, ^Be, ^^C. 
1*^ 0, 285i, ^''Ca, sS'^ OiVi, so^r, 112,116,120,1245^ ^ ^97^^, and ^o^Pb, involved in this 
work, are given in Table 1. For this, the charge densities of Sick and McCarth}-
[104] for ^^C and ^^O, Chaumeaux et al.[29] for '^^Ca, and De Vries et all 105] 
for 58.60jvi, 902r^  112,116,120,1245^ ^ and ^^Uu have been used. To obtain the para-
meter values for '^He, ^Be, '^^Si, and ^^^Pb, the electron scattering form factors 
of Frosch et al.[68] for ^i/e, Bernheim et al.[106] for ^Be, whitner et al.[107] for 
"^^Si, and Karataghdis et al.[108] for '^^^Pb have been used. We also assume that 
the proton and the neutron density distributions are the same. 
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4.3 Oscillator Constants 
As mentioned in Chapter 3, the inclusion of two-body density (correlation) 
term in the correlation expansion for the Glauber amplitude involves the cm. 
correlation correction factor, 
Fc^(9) = e^'/^^"^ (168) 
which requires the oscillator constant a^ for nuclei under consideration. The val-
ues of a^ for 12C, 1^0, ^^Si, ^^Ca, ^Zv, and ^o^Pb required in this work, are taken 
from Refs.[73, 109], and their values are reported in Table 2. 
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5.1 ^^C-Nucleus Elastic Scattering in the Energy 
Range 300 MeV-2.4 GeV 
Following the approach outlined in Chapter 3, we analyse the ^•^C-nucleus 
elastic angular distribution and total reaction cross section in the energy range 
300 MeV-2.4 GeV using the Coulomb modified effective profile function approach 
for the Glauber amplitude. The inputs needed in the calculation are the NN 
amplitude, the form factors of the colliding nuclei, and the oscillator constants. 
In this part of the present work, we use the parametrization(163) for the NN 
amplitude as suggested by Golovanova and Iskra[36]. The NN amphtude(163) has 
three adjustable parameters CTNN, PNN, and P%!^, the values of which are obtained 
by providing the best possible description of the elastic angular distribution and 
total reaction cross section for ^^C-nucleus system at energies under consideration. 
For nuclear form factors, we use the parametrization(167), in which the values 
of the parameters for nuclei under consideration are taken from Table 1. The 
corresponding values of the oscillator constant are taken from Table 2. 
Using the above considerations, the czJculations 8ire performed in 
three parts: 
(A) In the first part, we have analysed the elastic angular distribution and total 
reaction cross section for the scattering of ^^C on (i) ^^C at 300 MeV, 360 MeV. 
1.016 GeV, 1.449 GeV, and 2.4 GeV, and (ii) ^^Ca at 420 MeV, with the condition 
that the (free) NN total cross section((T) and ratio of the real to the imaginary 
parts of the forward NN amplitude (p) are also reproduced. In these calculations, 
we extract the NN amplitude at 25, 30, 35, 85, 120, and 200 MeV. Here it may 
be noted that the values of a, at the desired energies, are obtained using the 
parametrizations of the NN total cross sections [78] which nicely reproduce the 
experimentally determined NN total cross sections[77], (Tpp^nn) and apn, in the 
energy range 10 MeV to 1.0 GeV: 
(^PP(nn) = 13.73 - 15.04^0"^ + 8.76?;o~^  + 68.67t;^ (169) 
(Tpn = -70.67 - 18.18^^^ + 25.26w^2 + 113.85?;o, (170) 
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where (7pp(„„) and apn are expressed in rab and VQ is the incident nucleon velocity 
in units of c. To calculate p we use the parametrizations of Ahmad et al.[110] 
which reproduce the values of Ppp(nn) and Pp„ obtained from the phase shifts and 
Coulomb interference measurements[81]: 
Pppinn) = -0.386 + 1.224 e~3l^378-j + i.oi e'^y^^^^) (171) 
Pp„ =-0 .666+1 .437 e"2i^n:9^j + 0.617 e -^ i^ i s^ j , (172) 
where the incident nucleon lab momentum k is expressed in GeV/c. 
(B) In the second part, we assess the suitability of the NN amplitude, as ob-
tained above, at the matching incident energies/nucleon for other target nuclei. 
For this purpose, we have considered the analysis of the elastic angular distrib-
ution and the total reaction cross section for ^^C on (i) "^^Ca at 300 MeV, (ii) 
9°Zr at 300 and 420 MeV, and (iii) ^°^Pb at 300 MeV, 420 MeV, 1.449 GeV, and 
2.4 GeV. The reason for such a requirement may be related to the fact that the 
Glauber model calculations are physically meaningful only when one could have 
consistently a satisfactory account of the available scattering data for different 
systems at the same incident energy/nucleon, using the similar description for 
the (input) NN amplitude. 
(C) In the third part, we have reanalysed the elastic angular distribution and 
total reaction cross section for the scattering of ^^C-nucleus system at energies 
under consideration in which we suppress the condition of reproducing the cr [77] 
and p[81] and allow more freedom to the NN amplitude parameters in order to see 
if something more could be said about the behavior of the NN amplitude inside 
the nuclear medium. 
The results of the calculations, related to first part, are presented in Figs. 1-6. 
In these Figs., one-term, two-terms, and three-terms correspond, respectively, to 
n=0, 1, and 2 in the NN amplitude(163), and the theoretical values of the total 
reaction cross sections are given for each form of the NN amphtude. Figs. 1-3 
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depict the results reflecting our search for the values of (TJVTV, PNN, and /?^^ that 
would provide a simultaneous description of elastic angular distribution and total 
reaction cross section for the ^^C- ^^C and ^^C- '^^Ca systems and also reproduce 
the cr[77] and p[81] at the energies under consideration. The values of the para-
meters a^N: PNN, and Pj^j^ obtained in this way are reported in Table 3. In the 
same table, a^ and p^ give, respectively, our theoretical estimates for the (free) 
NN total cross section and ratio of the real to the imaginary parts of the forward 
NN amplitude, the values of which are obtained from Eq.(163) using the above 
mentioned values of (7^^, PNNI and /J^ TA?- I^ is found that the consideration of two 
terms in the NN amplitude(163) provides a more satisfactory explanation of both 
the total reaction cross section and the elastic angular distribution throughout 
the available range of momentum transfer than does the usually parametrized 
(one-term) Gaussian NN amplitude[100, 101]. Furthermore, we notice that the 
NN amplitude(163) with three terms does not provide substantial improvement 
over the results with two terms. This indicates that, in the present context, the 
NN amplitude(163) with two terms may not only cover the relatively large scat-
tering angles, but also describe the nondiffractive behavior of NN scattering at 
relatively lower energies. 
Figures 4-6 show the effects of the phase of the NN amplitude, which has been 
taken into account[41] by multiplying Eq.(163) by the phase factor e~^'^NNq /2 ^^^ 
treating the phase of the NN amplitude 7jvAr as a free parameter. Keeping the 
values of the parameters <7;vAf j PNN-, and /3^^ the same, as given in Table 3, we find 
that the phase of the NN amplitude, 7jviv, does not help in improving the results 
with two or three terms in the NN amplitude, obtained in Figs. 1-3, in which 7A'Ar 
was fixed to zero for all incident energies. Regarding this, it is worth mentioning 
that our results for ^^C- ^^C system agree with those obtained by Ahmad et 
al.[73] at 1.449 and 2.4 GeV. However, at 1.016 GeV, the present calculation 
totally disagrees with the findings of Ahmad et al.[73], where it was shown that 
consideration of 7Ariv is important for providing a satisfactory description of the 
data. The values of the optimum 7Afjv are reported in Table 3. 
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Table 3: Values of NN amplitude parameters(ajviv, PNN and /?^jv)' which provide simultaneous 
description of elastic angular distribution and total reaction cross section for ^^C- nucleus system. 
and also reproduce the (free) NN total cross section(CT)[77] and ratio of the real to the imaginary 
parts of the forward NN amplitude(/))[81]. Quantities CT* and p* represent, respectively, our the-
oretical estimates corresponding to a and p, and are obtained from eq.(163) using the values of 
NN amplitude parameters as given in this table. 7jviv gives the optimum phase of the NN am-
plitude(see text). NTA represents the number of terms in the NN amplitude(163). aR and a'j^^ 
represent, respectively, the theoretical and experimental values of the total reaction cross scetion. 
Energy 
(GeV) 
Target NTA NN O'NN PNN 0f NN 





































































































































































































































































































































































E, , = 300 MeV 
Lab 
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E, =360 MeV 
Lab 
O Experimental data[113] 
one term(<i^ =1316mb) 
two terms(a^=1316mb) 
three term8(a^=1316mb) 
J i_ J k. 




F I G . 1 . Elastic angular distribution for ^^ C-^ C^ at 300 and 360 MeV 
using the parameters of the NN amplitude as reported in 
Table 3. Curves correspond to one, two, and three terms in 
the NN ampiitude(163). y^^ is zero for all incident energies. 
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E. ^ = 420 MeV 
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E. . = 1.016 GeV 











Same as in FIG.1, but for ^ C^-^ Ca and ^ C^-"C at 420 MeV 
and 1.016 GeV, respectively. 















E. = 1.449 GeV 
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O Experimental clata[114] 
one term(a^=864mb) 
two terms(a^=864mb) 
three terms(0|^ =864mb) 
*e Jdeg) 8 10 
cm. 
FIG.3. Same as in FIG.1, but at 1.449 and 2.4 GeV. 






E, ^ = 300 MeV 
Lab 
O Experimental data[113] 
one term(CT^=1297.4mb) 
two terms((T^=1296.1 mb) 
three terms(o^=1300mb) 
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E, ^ - 360 MeV 
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F I G . 4 . Elastic angular distribution for "C-^'C at 300 and 360 MeV 
using the parameters of the NN amplitude with the optimum 
Y^ ^ as reported in Table 3. Curves correspond to one, two, 
and three terms in the NN amplitude(163). 
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F I G . 5 . Same as in FIG.4, but for ^^C-^ Ca and ^^ C-^ C^ at 420 MeV 
and 1.016 GeV, respectively. 
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F I G . 6 . Same as In FIG.4, but at 1.449 and 2.4 GeV. 
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As mentioned in Chapter 1, the complexity in the analytic evaluation of the 
Glauber model S-matrix for nucleus-nucleus collisions, in terms of realistic de-
scription of nuclei, has led many authors to adopt various approximate schemes 
for studying such collisions at intermediate energies. These studies involve the 
usually parametrized (one-term) Gaussian NN amplitude as their basic input. It 
was noted that, except for a, whose values were calculated using the parame-
trizations for app and cr„p(Eqs. 169 and 170) which fit the experimental NN total 
cross section data [77] nicely over a wide energy range (~ 10 MeV - 1 GeV), 
different authors[56, 67, 73, 74] have explored different values of p and /?^ at a 
given incident energy, in order to provide a satisfactory explanation of nucleus-
nucleus scattering data at intermediate energies within the frameworks of their 
approaches. At first, this seems to be quite a concern, as it may lead to different 
descriptions of NN scattering at a given incident energy. However, if we rely on 
the values of Ppp and p„p, obtained from the phase shifts and Coulomb interfer-
ence measurements[81], we find that the values of p used in Refs.[56, 67, 73, 74] he 
well within the uncertainties in the average values of Ppp and Ppn- Thus, the only 
parameter that has been fixed according to the need of nucleus-nucleus scattering 
data, in the energy range under consideration, is the slope parameter /?^ of the 
NN amplitude. Unfortunately the values of/?^ used in the literature [56, 67, 73, 74] 
are quite different at a given energy. Because of this, the parameter /3^ is not a 
very well-defined quantity, and hence the conventional Glauber model analyses of 
nucleus-nucleus collisions are not found to be completely parameter free at inter-
mediate energies. However, we are still of the opinion that whatever approach is 
taken for the microscopic calculation of the Glauber model S-matrix, the values of 
the NN scattering parameters should be consistent within reasonable variations. 
Otherwise, it will lead to inconsistency in the results of various approaches, and it 
would be difficult to assess the suitability of a particular approach to performing 
Glauber model calculations for similar systems. It is in this spirit that we have 
also considered the calculations for the nucleus-nucleus elastic angular distribu-
tion and total reaction cross section using the approach of Franco and Varma[48], 
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according to which, as described in Chapter 3, the Glauber model S-matrix has 
been related to the nucleus-nucleus phase shift function x{b) through the relation 
S,i{b) = e'^^'\ (173) 
with 
oo 
x{b) = j:Xi{b), (174) 
where the various orders of the phase shifts(xi, X2,---) have the same expressions 
as given in Chapter 3. 
Retaining the terms up to second order in the phase expansion series (174) 
and taking two terms in the NN ampUtude(163) with its parameters(crAriv, PNN 
and /?A?jv) the same as reported in Table 3, we present(as an illustration), in 
Fig.7, our results for ^^C- ^^C elastic angular distribution and total reaction 
cross section at 1.016, 1.449, and 2.4 GeV. For the sake of comparison, Fig.7 
also contains our results obtained using the effective profile function approach as 
discussed in Chapter 3. It is found that the effective profile function approach 
gives relatively better results than the phase expansion approach, when one uses 
the same form, with the same values of the parameters, of the NN amplitude. In 
this context, however, it has been checked that we do not find any other set of 
values for the parameters of NN amplitude that can improve the results obtained 
within the framework of the phase expansion approach. Thus, the findings of the 
present work suggest that the NN amplitude(163) involving two terms, with the 
parameter values as reported in Table 3, is a possible choice for describing the 
behavior of the (free) NN scattering at energies under consideration. 




















E.^ = 1.016 GeV 
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O Experimental data[114] 
effective profile(a„=965mb) 
phase expansion(a^-934mb) 
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F I G . 7 . Elastic angular distribution for '^C-^ 'C at 1.016,1A4S and 2.4 GeV using 
the efFective profile function and phase expansion approaches. These 
calcuiations Involve only two terms in the NN ampiitude(163); parameter 
values are the same as in Table 3; y^ is zero for all incident energies. 
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In order to see how far the NN ainphtude(163), with its parameters in Table 
3, is suitable in other situations, we present the analysis of the elastic angular 
distribution and total reaction cross section for the scattering of ^^C on (i) ^°Ca 
at 300 MeV, (ii) ^^Zr at 300 and 420 MeV, and (iii) ^^^Pb at 300 MeV, 420 MeV, 
1.449 GeV, and 2.4 GeV. This refers to our second part of the calculations. The 
results of such calculations are presented in Figs. 8-14. Figures 8(a)-14(a) present 
the results in which the phase of the NN amplitude, 7jviv, has been fixed to zero 
for all incident energies; the quantity an gives the theoretical value of the total 
reaction cross section. If we focus our attention on the NN amphtude(163) with 
two terms in it, it is found that the elastic angular distributions are reproduced 
satisfactorily well at all the energies up to the available range of momentum 
transfer, whereas the total reaction cross sections, except for ^^C- ^osp^ g^ .^ ^  449 
and 2.4 GeV where no experimental data are available, show a maximum of 7% 
variation between the theoretical and the experimental values. Figures 8(b)-
14(b) show the effects of the phase of the NN amplitude, which is indeterminate 
from the NN scattering observables and could possibly be different for different 
target nuclei and also at different incident energies. Like in Figs. 4-6, we find 
that the angular distributions are not sensitive to the phase variation of the NN 
amplitude. However, the theoretical values of the total reaction cross section 
nicely reproduce the corresponding experimental data. The values of the phase 
variation parameter and the total reaction cross section, obtained in this way, 
are given in Table 4. Since the phase of the NN amplitude does not affect the 
physics of the NN scattering, we find that the NN amplitude parameters obtained 
in Table 3 seem to be fairly stable over a wide range of target nuclei. 
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Table 4: Values of the NN amplitude phase parameters, with two terms in the NN 
amplitude(163), which provide simultaneous descriptions of elastic angular distribution 
and total reaction cross section for ^^C-nucleus system, keeping the values of crA^ iv, PNN 
and (3%j^, the same as those quoted in Table 3. aR and cr^^ are the theoretical and 









































































































E, ^ = 300 MeV 
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F I G . 8 . Elastic angular distribution for "C-^Ca at 300 MeV using 
the parameters of the NN amplitude as reported in Table 3. 
Curves correspond to one, two, and three terms in the NN 
amplitude(163). Figs. 8(a) and 8(b) correspond to without 
and with(Table 4) the phase(Y^ J of the NN amplitude. 
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O Experimental data[111] 
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FiG.9. Same as in FIG.8, but for C- Zr at 300 MeV. 
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FIG.10. Same as in FIG.8, but for ^'C-^Pb at 300 MeV. 
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FIG.11. Same as in FIG.8, but for X - Zr at 420 MeV. 
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FIG.12. Same as in FIG.8, but for 'X - Pb at 420 MeV 
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F I G . 1 3 . Same as in FIG.8, but for ' x - Pb at 1.449 GeV. 
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FIG.14, Same as in FIG.8, but for "C-^Pb at 2.4 GeV. 
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To respond the third part of our calculations, we exercise the possibility of 
exploring the nuclear medium effects on the parameters of the NN scattering 
amplitude(163). For this we vary ajvAf, PNN, and P%j^ in such a way that it now 
includes only the simultaneous description of the elastic angular distribution and 
total reaction cross section for ^^C-nucleus system at energies under consideration. 
The results of these calculations are presented in Figs. 15-20. If we concentrate on 
the two terms in the NN amplitude(163), we find that the said variation in the NN 
amplitude parameters pushes theory further closer to the experiment. However, 
the effects of such variations are found to be more prominent at 2.4 GeV. The 
values of (JNI^, PNN, and Plf^ obtained in this way, are reported in Table 5. 
Because in this case we have not imposed any condition of reproducing cr[77] and 
p[81], we may refer to these values as the effective values of the parameters of the 
NN amplitude in the nuclear medium. Moreover, the corresponding (effective) 
values of the NN total cross section cr^^^ and ratio of the real to the imaginary 
parts of the forward NN amplitude p^-^'^, which are obtained from Eq.(163) using 
the so-called effective values of a^^, PNN, and Pjj^, are also reported in Table 
5. It is seen that a^^^ is less than (free) a in all the cases. Since the a^^^ 
is essentially an average over the nuclear volume involved during collision, our 
results, like the ones obtained by Ahmad et al.[75], provide only a qualitative 
support to the results of the microscopic studies [79, 80] in which the in-medium 
NN total cross sections are found to be less than the free ones. Further, if we 
compare the average values of c^ !l/^ ^^  and crZiLp) as obtained in this work with 
the phenomenological ones[75], we find that the difference between the (free) 
a and our a^^^ is not as large as reported in Ref.[75]. This might be because 
in phenomenological studies[75], the authors focused on reproducing the ^^C-
^^C elastic angular distribution only, whereas, in the present work, we have also 
included the total reaction cross section, which is one of the most fundamental 
quantities characterizing the nuclear reactions. Moreover, if we compare the 
parameters((7Afiv, PNN, and /?^jv) of the NN ampUtude in Tables 3 and 5, it is 
interesting to note that the so-called effective values are found to be different from 
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their corresponding free ones. Thus, the results of the present analysis provides 
a qualitative description of the in-medium effects on the parameters of the (free) 
NN amplitude. 
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Table 5: Values of NN amplitude parameters(cr7VAr, PNN and P%[^), which provide simultaneous 
description of elastic angular distribution and total reaction cross section for ^^C- nucleus system. 
without imposing any condition to reproduce the(free) NN total cross section((T)[77] and ratio of 
the real to the imaginary parts of the forward NN amplitude(p)[81]. Quantities a'^^f and p''^^^ 
represent, respectively, the (effective) or (in-medium) values of the NN total cross section and 
ratio of the real to the imaginary parts of the forward NN amplitude(see text), which are obtained 
from Eq.(163) using the values of NN amplitude parameters as given in this table, fisi^ gives the 
optimum phase of the NN amplitude(see text). NTA represents the number of terms in the NN 
amplitude(163). an and cr^^ represent, respectively, the theoretical and experimental values of 
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• i0.145 
• i l .223 
1.343 + 10.000 
0.691 + 10.000 
0.122 + 10.927 
0.963 • • iO.863 
0.122 + 10.684 
0.993 • • i0.519 























































































































one pp 7.98 0.974 2.180 - iO.OOO 7.98 0.974 1.0008 2030.5 2030.0[111] 
pn 27.99 0.721 0.664 - iO.OOO 27.99 0.721 -0.6189 
0.300 '^°Ca two pp 9.19 1.211 2.051 + 11.489 7.99 1.531 -0.0022 2030.0 
pn 21.29 0.765 1.389 - il.551 27.44 0.706 0.0004 
three pp 9.14 1.131 2.229 + il.492 7.95 1.413 0.0032 2030.0 
pn 19.27 0.918 1.292 - il.568 28.20 0.823 -0.0008 
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1.820 - iO.OOO 
0.941 - iO.OOO 
1.780 + iO.869 
1.365 - i0.901 
1.826 + iO.866 
1.364 - i0.902 
1,225 - iO.OOO 
0.393 - iO.OOO 
1.761 + il.592 
1.446 - il.841 
2.097 + il.629 
1.372 - i2.124 
2.805 - iO.OOO 
1.049 - iO.OOO 
2.813 + il.624 
1.275 - il.386 
2.846 + il.625 
1.281 - il.388 
1.646 - iO.OOO 
1.019 - iO.OOO 
1.939 - i0.178 
1.388 - iO.994 
1.832 - i0.186 
1.494 - il.045 
2.289 - iO.OOO 
1.204 - iO.OOO 
2.289 + i0.098 
1.748 - il.282 
2.505 - iO.277 
1.912 - il.232 
1.340 - iO.OOO 
0.790 - iO.OOO 
1.850 - i0.418 
1,290 - i0.801 
1.850 + i0.124 
1,026 - il.073 
1.350 - iO.OOO 
0.723 - iO.OOO 
1.837- i0.063 
0.835 - il . l02 
1,674 - i0.120 
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F I G . 1 5 . Elastic angular distribution for "C-^ ^C at 300 and 360 MeV 
using the parameters of the NN amplitude as reported in 
Table 5. Curves correspond to one, two, and three terms in 
the NN amplitude(163). y^ ^ is zero for all incident energies. 
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FIG.16. Same as in FIG.15, but at 1.016,1.449 and 2.4 GeV. 
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FIG.17. Same as in FIG.15, but for ^^C - ^Ca at 300 and 
420 MeV. 
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FIG.18. Same as in FIG.15, but for ^^ C - "^ Zr at 300 and 
420 MeV. 
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FIG.19. Same as in FIG.15, but for " c - ""Pb at 300 and 
420 MeV. 
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FIG.20. Same as in FIG.15, but for "C - '°'Pb at 1.449 and 
2.4 GeV. 
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Figures 21-26 show the effects of phase of the NN amphtude ^NN, which has 
been taken into account in the same way as in Figs. 4-6, but with the NN 
parameter values as given in Table 5. Here also, we find that JNN does not 
provide any significant improvement over the results obtained in Figs. 15-20 in 
which 7jvAr was fi^xed to zero for all incident energies. The values of the optimum 
7JVJV obtained in this case are also reported in Table 5. 
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and three terms in the NN amplitude(163). >«^  
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FIG. 2 2 . Same as in FIG.21, but at 1.016,1.449, and 
2.4 GeV. 
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FIG.23. Same as in FIG.21, but for ^^ C -"^ Ca at 300 and 
420 MeV. 
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420 MeV. 
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FIG.25. Same as in FIG.21, but for ^^C-^Pb at 300 and 
420 MeV. # 
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FIG.26. Same as in FIG.21, but for '^C-'^'Pb at 1.449 and 
2.4 GeV. 
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Finally in Figs. 27-32, we present a study of the effects of the cm. correlations 
on the ^^C- nucleus elastic scattering. As mentioned in Chapter 3, the cm. corre-
lation effect appears in the two-body form factors of the coUiding nuclei through 
the cm. correlation correction factor 9{q). Thus, to study the effect of ignoring 
the cm. correlation in the projectile and the target, we simply take 6{q)=l. Here, 
note that we calculated the ^^C- nucleus elastic angular distribution by involving 
only two terms in the NN amphtude(163) and by taking its parameters to be the 
same as reported in Table 3. 
The blue curve in Figs. 27-32 is the result of neglecting the cm. correlations 
in both the projectile and the target. The red curve ignores the cm. correlation 
in the target only, and it is to be noted that in the case of similar colliding 
nuclei, the effect of ignoring the cm. correlation in the projectile only would be 
the same as observed in the red curve. However, in the case of unsymmetrical 
coUiding nuclei, the green curve ignores the cm. correlation in projectile only. 
The black curve is obtained when the cm. correlations are present in both the 
projectile and the target. It is found that, except for relatively smaller angles, the 
cm. correlation correction has an appreciable effect on the ^^C- nucleus elastic 
scattering throughout the range of momentum transfer. 
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FIG.30. Same as in FIG.29, but for ^^ C-'^ Zr at 300 and 
420 MeV. 
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FIG.31. Same as in FIG.29, but for ^^C-^Pb at 300 and 
420 MeV. 
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FIG.32. Same as in FIG.29, but for '^C-^Pb at 1.449 and 
2.4 GeV. 
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In summary, we have analysed the ^^C- nucleus elastic angular distribution 
and total reaction cross section in the energy range 300 MeV-2.4 GeV using the 
Coulomb modified correlation expansion for the Glauber amplitude based on the 
effective profile function approach as developed by Ahmad[49]. We emphasized 
the parametrization for the basic (input) NN amplitude that may be used for a 
wide range of angles. The calculations were performed in three steps: In the first 
step we have searched for the values of the parameters of NN amplitude that may 
provide the best possible description of the elastic angular distribution and total 
reaction cross section for ^^C- ^^C system at 300 MeV, 360 MeV, 1.016 GeV, 1.449 
GeV, and 2.4 GeV, and ^^C-'^^Ca system at 420 MeV with the condition that the 
a and p be also reproduced at the corresponding energies/nucleon. Retaining 
up to the two-body density term in the correlation expansion for the Glauber 
amplitude and using the realistic densities for the colliding nuclei, it is found that 
the consideration of the two terms in the NN amplitude(163) provides a significant 
improvement over the results with the usually parametrized (one-term) Gaussian 
NN amplitude, and we now have quite a satisfactory explanation of the data 
throughout the range of momentum transfer. This indicates the importance of 
large q components, and hence the nondiffractive behavior, of the NN scattering 
at relatively lower energies. Furthermore, it has also been shown that between the 
effective profile and phase expansion approaches, the former one seems to be the 
better choice for microscopic description of •^^ C- nucleus scattering at intermediate 
energies. Having obtained the values of the parameters of the NN amplitude at 
25, 30, 35, 85, 120, and 200 MeV, we, in the second step, assessed the suitability of 
the extracted NN amplitude at the matching incident energies/nucleon for other 
target nuclei. It is found that our NN amplitude seems to be fairly stable over a 
wide range of target nuclei. 
In the third step of our calculations, we attempted to see the in-medium effects 
on the (free) NN scattering amphtude. For this, we varied the parameters of the 
NN amphtude(163) up to the extent of getting simultaneous (good) descriptions of 
the elastic angular distribution and total reaction cross section without imposing 
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any condition of reproducing a and p. The results of such calculations support 
the microscopic findings[79, 80] that the in-medium NN total cross sections are 
less than the free ones. However, the present study also sheds some light on the 
possible in-medium effects on the other parameters of the NN ampUtude. As 
regards the effect of the phase of the NN amphtude, we find that it does not 
help in improving the results, except for about 2-7% enhancement in the values 
of the total reaction cross section in the second step of our calculations. Finally. 
our calculations also highlight the importance of the cm. correlations in the 
nucleus-nucleus collisions at medium energies. 
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5.2 ^^0-Nucleus Elastic Scattering in the Energy 
Range 300 MeV-1.503 GeV 
In section 5.1, we have shown that the consideration of higher momentum 
transfer components(or nondiffractive behavior) of the NN amphtude provides a 
more satisfactory account of the data than does the usual (one-term) Gaussian 
parametrization for the NN amplitude at medium energies. In other words, we 
have emphasized the need of that parametrization of the NN amplitude which 
may be used for a wide range of angles. Motivated by this, we, in this work, too 
consider the nondiffractive behavior of the NN amplitude to analyse ^^0-nucleus 
elastic angular distribution data in the energy range 300 MeV-1.503 GeV within 
the framework of the Coulomb modified effective profile function approach[49] 
for the Glauber amplitude by retaining up to two-body density term, which is 
expected to provide a leading correction to the optical-limit result. Our aim is 
to see how far the consideration of higher momentum transfer components of the 
NN amplitude helps in accounting for the data, and what could be said about 
the behavior of the NN amplitude and the use of the Glauber model at energies 
under consideration. 
Proceeding in the same way, as in section 5.1, here we have analysed only the 
elastic angular distribution of ^^O from ^^C, i^Q, ssgi^  40^^^ 902j-^  and ^o^Pb in 
the energy range 300 MeV-1.503 GeV, as no experimental data on total reaction 
cross section are available at energies under consideration. Here also, the inputs 
required for the calculations are the NN amplitude, the form factors of the col-
liding nuclei, and the oscillator constants. For the NN amplitude and the form 
factors, we refer, respectively, Eqs.(163) and (167). The values of the parameters 
involved in the form factor and the oscillator constants for nuclei under consid-
eration are taken from Tables 1 and 2, respectively. As mentioned in Chapter 4. 
the NN amplitude(163) may also accommodate the effects due to phase of the 
NN amplitude. For this, we follow the approach of Franco and Yin[41], according 
to which the phase can be taken into account by multiplying the NN amplitude 
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by the phase factor e~^^^^'^ ^^ and treating the phase ^y^N as a free parameter. 
Since the NN scattering measurements are unable to predict the phase of the NN 
amphtude, instead of treating it global, as done in section 5.1, we consider its 
variation along with the variation of the other parameters of the NN amplitude. 
Thus, the NN amphtude(163), in this work, has effectively, four adjustable para-
meters (7N;M , PNN, PNN^ ^^^ INN, the values of which are obtained by providing 
the best possible description of the elastic angular distribution for the ^^0-nucleus 
system at energies under consideration. In addition to this, our calculations also 
demand to reproduce simultaneously the (free) NN total cross section a[77] and 
ratio of the real to the imaginary parts of the forward NN amplitude p[81] at the 
corresponding energies/nucleon. 
The results of the calculations for the elastic angular distribution of ^^ O from 
12c, 1^0, 28Si, ^°Ca, 9°Zr, and ^ospb in the energy range 300 MeV-1.503 GeV are 
presented in Figs. 33-37. In order to assess the energy dependence of the NN 
amplitude and its stability at a given incident energy, we arrange the results as 
follows: 
In Figs. 33-35, we present the results with the energy of the projectile in 
increasing order. Figs. 36 and 37 depict the results at 1.503 GeV. In these calcu-
lations, we search for the values of (Jiviv, PNN, PNNI ^^^ 7JV./V separately for pp(nn) 
and pn amplitudes, that may provide the best possible description of the elastic 
angular distribution data and also reproduce the cr[77] and p[81] at the energies 
under consideration. Here it may be noted that the n=0 term in Eq.(163), which 
corresponds to the (one-term) Gaussian parametrization of the NN amplitude(l). 
does not help in accounting for the data. Hence we consider two terms in the NN 
amphtude(163), as suggested in the last section. The values of the parameters 
<^NN, PNN, PNN^ and JNN obtained in this way are reported in Tables 6 and 7. In 
the same tables, we also report our theoretical estimates for the (free) NN total 
cross section (cr*) and ratio of the real to the imaginary parts of the forward NN 
amplitude (p*). The values of cr* and p' are obtained from Eq.(163) using the 
above mentioned values of CTNN, PNN, and P%;^. It is found that the calculations 
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agree fairly well with the experiment in all the cases. Further it is important to 
note that these findings strengthen the results presented in the last section, in 
which it was shown that the consideration of higher momentum transfer compo-
nents of the NN amplitude brings theory closer to the experiment at relatively 
lower energies. 
Table 6. Values of the NN amplitude parameters(crjVAr, PNN, I3%N^ ^ ^^ 7A'7V) with 
the energy of the projectile in increasing order, which provide satisfactory account of 
elastic angular distribution for ^^O- nucleus system, and also reproduce the (free) NN 
total cross section(cr)[77] and ratio of the real to the imaginary parts of the forward 
NN amplitude(p)[81]. a^ and p* represent, respectively, our theoretical estimates corre-
sponding to a and p, and are obtained from Eq.(163) using the values of NN amplitude 



































































2.379 - il.525 
0.466 - iO.862 
2.476 - il.059 
0.490 - iO.989 
2.529 - il.l20 
0.504 - il.l49 
2.650 - i0.814 
0.515 - 12.220 
2.850 -il.456 
0.525 - 12.602 
3.011 - 12.313 
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FfG.33. Elastic angular distribution for '^'O-^ C^ and ^'0-^*0 
at 300 and 350 MeV, respectively, using the 
parameters of the NN amplitude as reported 
in Table 6. 
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FIG.34. Same as in FIG.33, but for ^ *0-^*0 and ^*0-"C at 
480 and 608 MeV, respectively. 
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FIG.35. Same as in FIG.33, but for "O-"O, "O- Pb and 
1 6 ^ 16, O- "O at 704, 793.6. and 1120 MeV, respectively. 
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Coming to the parameters of the NN amphtude, we find that, except for the 
phase of the NN amphtude which is also partly covered in the imaginary part of 
/^ AfjvlAvvAf)' the other three parameters, namely CTNN, PNN, and the real part of 
P%N{0rNN)y show some regular pattern with the energy of the projectile. More-
over, we notice that P^NN^ which is mainly responsible for the slope of the NN 
amplitude, has an increasing trend with energy. This feature of /J^TVAf seems to be 
understandable as the NN amplitude is expected to be less and less nondiffractive 
with the increase in the energy of the projectile. Thus, the NN amplitude(163) 
with more than one term and the trend of PrNN suggests that the applicability 
of the Glauber model may be pushed down to relatively lower energies, provided 
proper care is taken for the nondiffractive behavior of the NN amplitude. Re-
garding the phase of the NN amplitude, we note that since there is no way to 
connect it with the NN scattering measurements, we find it hard to understand 
its irregular behavior from the findings of the present analysis. 
To check the stability of the NN amplitude at a given incident energy, we refer 
our calculations for ^^0-nucleus scattering at 1.503 GeV(Figs. 36 and 37). Here 
we find that the NN amplitude is fairly stable(see Table 7) over a wide range 
of target nuclei, except for its phase, which in this case too requires random 
values to provide satisfactory explanation of the ^^O-nucleus elastic scattering 
data. Furthermore, since the phase variation of the NN amplitude does not af-
fect the physics input of the NN amplitude, our findings support the very spirit 
of the Glauber model in which the parameters of the NN amplitude should be 
independent of the combination of projectile and target at a given incident en-
ergy/nucleon. 
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Table 7. Values of the NN amplitude parameters(cr/vrjv, PNN, 0%^^;, and 7jvAr), which 
provide satisfactory account of elastic angular distribution for ^^O- nucleus system at 
1.503 GeV, and also reproduce the (free) NN total cross section(c7")[77] and ratio of the 
real to the imaginary parts of the forward NN amplitude(/9)[81]. <T* and p^ represent, 
respectively, our theoretical estimates corresponding to a and p, and are obtained from 












































3.205 + 12.867 
0.559 - iO.766 
3.213 + iO.447 
0.557 - i0.281 
3.200 + iO.449 
0.559 - iO.263 
3.208 + i0.606 
0.558 - i0.521 
3.180 + 12.729 
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FIG.36. Elastic angular distribution for ''^ O -'^C, ''O -^Sl, 
and ^^ O -^Ca at 1503 iMeV, using ttie parameters 
of the NN amplitude as reported in TabieT. 
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Here it seems important to shed some more light on the parameter sets ob-
tained from the different scattering processes. In this connection, we compare the 
present parameters of the NN amplitude with those in section 5.1 for the same 
incident energy/nucleon. For this we refer ^^0--^^0 at 480 MeV(30 MeV/nucleon) 
(Table 6) in the present work and the ^^C-^ ^C at 360 MeV (30 MeV/nucleon) (Ta-
ble 3) in section 5.1. We notice that though there is no difference in the incident 
energies/nucleon, the parameters of the NN amplitude show some deviations. To 
understand this, let us note that in the case of ^^C-^^C at 360 MeV, the exper-
imental value of the total reaction cross section {an) is available. Therefore, in 
addition to reproduce the experimental values of cr[77] and p[81], we have also 
included an as an additional constraint in the analysis of the ^^C-'^ ^C at 360 
MeV in section 5.1, while in the present work there is no such constraint as no 
experimental data on the total reaction cross section is available here. Thus the 
fittings of the elastic angular distribution data in the present work and in section 
5.1 do not involve the similar constraints. Due to this, there could be a deviation 
in the parameters of the NN amplitude even if the incident energies/nucleon are 
same. This result, however, gets support from the results of the present analysis 
of ^^0-nucleus elastic angular distribution at 1.503 GeV, in which we have shown 
that the similar constraints may lead to similar values of the parameters of the 
NN amplitude at a given incident energy/nucleon for different systems. 
Finally, in Figs. 38-42, we present a study of the effects of cm. correlations on 
^^0-nucleus elastic scattering. These effects have been included in the same way 
as mentioned in Chapter 3. The blue curve in Figs. 38-42 is the result of ignoring 
the cm. correlations in both the projectile and target. The red curve neglects the 
cm. correlation in target only. The green curve considers the cm. correlations 
in both the projectile and target. It is found that, except for relatively smaller 
angles, the cm. correlations show sizeable contribution to the ^^0-nucleus elastic 
scattering throughout the range of scattering angles. 
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FIG.39. Same as in FIG.38, but for ^*0-''o and '*0-'^C at 
480 and 608 MeV, respectively. 
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FIG.42. Same as in Flg.38, but for "o -""Zr and ''o -""Pb 
at 1503 MeV. 
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In summary, we have analysed the elastic angular distribution for the scat-
tering of 1^0 from 12C, ^^O, ^^Si, ^^Ca, ^"Zr, and ^ospb in the energy range 300 
MeV - 1.503 GeV within the framework of the Coulomb modified effective profile 
function approach for the Glauber amplitude. To widen the scope of our work 
presented in section 5.1, we, in this analysis too, emphasize the parametrization 
for the basic (input) NN amplitude that may be used for a wide range of angles. 
The calculations consider the search for the parameters of the NN amplitude 
that may provide the best possible description of the elastic angular distribu-
tion of ^^0-nucleus system at energies under consideration. Along with this, we 
have also imposed the condition that a and p be reproduced at the desired ener-
gies/nucleon. Retaining up to two-body density term in the correlation expansion 
for the Glauber amplitude, and using the realistic form factors for the colliding 
nuclei, it is found that we have quite a satisfactory explanation of the data in all 
the cases. Regarding the parameters of the NN amplitude, we find that, except 
for the phase of the NN amplitude which is indeterminate from the NN scattering 
observables and could possibly be different for diflFerent target nuclei, the other 
parameters show a consistent variation in the energy range under consideration. 
Moreover, we notice that P^NNI which mainly determines the slope of the NN^ 
amplitude, increases with the incident energy. This feature of the slope of the 
NN amplitude suggests that the NN amphtude gets less and less nondiffractive 
with the increase in the energy of the projectile. Thus, we find that it is not only 
the trend of P^NN^ but also the contribution of higher terms in the NN ampli-
tude(163), which demonstrates the importance of considering the nondiffractive 
behavior of the NN amplitude at relatively lower energies. Next, we have tested 
the stability of the NN amplitude at a given energy. In this connection, our calcu-
lation for ^^O-nucleus elastic angular distribution at 1.503 GeV shows that once 
we compromise with the phase variation of the NN amplitude, the NN amplitude 
is fairly stable over a wide range of target nuclei. 
In order to look into the behavior of the NN amplitude for the same incident 
energy/nucleon, we compare the present parameters of the NN amplitude with 
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those in section 5.1. For this, we consider the ^^O-^ ^O at 480 MeV in the present 
work and the ^^C-^ ^C at 360 MeV in section 5.1 (Table 3). We notice that though 
there is no difference in the incident energies/nucleon, the parameters of the 
NN amplitude show some deviations. This feature of the NN amplitude may be 
attributed to the fact that in addition to reproduce the experimental values of 
a and p, we have also included GR as an additional constraint in the analysis of 
the ^^C-^ ^C at 360 MeV in section 5.1, while in the present work there is no such 
constraint as no experimental data on the total reaction cross section is available 
here. Thus we conclude that, within the existing constraints, the parameters of 
the NN amplitude as obtained in this work and those in section 5.1 could be 
taken as the possible choice for describing the experimental behavior of the NN 
amplitude at energies under consideration. Still, we need some more data on 
nucleus-nucleus elastic angular distribution and total reaction cross section at 
various incident energies and also for a wide range of target nuclei in order to 
have more appropriate values of the parameters of the NN amphtude. 
Finally our results show specifically the importance of cm. correlations in a 
variety of target nuclei in the energy range under discussion. As a final remark, 
we add that the results of the present analysis strongly support the findings of 
our work in section 5.1, in which it has been emphasized that there is a need to 
consider the nondiffractive behavior of the NN amplitude in order to provide a 
satisfactory account of the data at relatively lower energies. 
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5.3 a-Nucleus Elastic Scattering in the Energy 
Range 25-70 MeV/nucleon 
In sections 5.1 and 5.2, we have presented the analysis of the elastic angular dis-
tribution and total reaction cross section for the ^^C-nucleus system in the energj-
range 300 MeV-2.4 GeV and '^^O-nucleus system in the energy range 300 MeV-
1.503 GeV, respectively, within the framework of the Coulomb modified effective 
profile expansion for the Glauber model[49]. Using the realistic densities for the 
colliding nuclei, it is found that the consideration of higher momentum transfer 
components of the NN amphtude(163) provides a quite satisfactory account of the 
data up to the available range of momentum transfer. As mentioned in Chapter 1. 
it is important to note that the NN amplitude used in sections 5.1 and 5.2 though 
it predicts the experimental values of the NN total cross section [77] and ratio of 
the real to the imaginary parts of the forward NN amplitude[81], the inclusion 
of its higher momentum transfer components may not ensure the same low q be-
havior as obtained from the (one-term) Gaussian parametrization[100, 101] of the 
NN amplitude with the available values of the (forward) slope parameter. This 
suggests that if we are interested to assess the role of higher momentum transfer 
components of the NN amplitude without affecting its low q behavior, there is 
a need to consider that form of the NN amplitude whose low and high q com-
ponents may be treated as independent. One expects that such a choice of the 
NN amplitude could be helpful in providing some useful information regarding 
the importance of higher momentum transfer components of the NN amplitude 
in nucleus-nucleus collision at relatively lower energies. Keeping this in view. 
we propose a semiphenomenological parametrization of the NN amplitude that 
may preserve low q behavior, whereas the higher momentum transfer compo-
nents are treated phenomenologically, whose parameters are adjusted by fitting 
the nucleus-nucleus angular distribution data at energies under consideration. 
Like in sections 5.1 and 5.2, the present analysis too is based upon the Coulomb 
modified effective profile expansion for the Glauber amplitude, whose first term 
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contains all orders of scattering with no correlations, while the others depend 
successively upon the two-, three-, and many-body densities of the colliding nu-
clei. As observed in Ref.[56], the optical-limit of the correlated Glauber model 
works reasonably well for a variety of nucleus-nucleus collisions in the energ}-
range 30-350 MeV/nucleon. This suggests that the nuclear correlations may not 
play a significant role in nucleus-nucleus collisions at the energies under consid-
eration. Keeping this in mind, we may also use an alternative method in which 
if we assume that the effect of nuclear correlations is fairly small, the Glauber 
model S-matrix element can be obtained from Eq.(86) after suppressing the cor-
relation terms in it. With this assumption, the elastic scattering amplitude for 
nucleus-nucleus scattering, incorporating Coulomb effects(see Chapter 3; section 
3.3) takes the form: 
x[\-e'^'^^'\l-To^)^% (175) 
where Too, /c, Xpu and Xc have the same meanings as in Chapter 3. The quantity 
K is the cm. momentum of the system. Equation(175) has also been modified 
to account for the deviation in the straight-line trajectory of the Glauber model 
because of the Coulomb field[94]. 
Following the approach outUned above, we first analyse the elastic scattering 
of a particles from '^He at 25, 30, 35, 40, 50, and 70 MeV/nucleon. The other 
target nuclei involved in the second part of our analysis are ^^Ni, ^^^5n, and 
^^"^Au. The inputs needed in the calculation are the NN amplitude and the form 
factors for the colliding nuclei. 
As discussed in Chapter 4(section 4.2), the required nuclear form factors are 
parametrized in the same form as in Eq.(167), in which the values of the para-
meters for nuclei under consideration are taken from Table 1. The NN amplitude 
/iVAr(g)) that plays a key role in the present analysis, has the same form as para-
metrized in Eq.(165). The values of the parameters of JNNio)-, namely a, p, and 
/3^ in Eq.(165), which define the NN amplitude at small q should be the same as 
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for the NN scattering at one-fourth of the kinetic energy of the incident particle. 
In the present analysis, we need their values at 25-70 MeV. In the first phase of 
our calculations, the values of a are obtained using the parametrizations of the 
NN total cross sections(Eqs. 169 and 170) which nicely reproduce the experimen-
tally determined NN total cross sections [77], Opp{^nn) and (Jp„, in the energy range 
10 MeV to 1.0 GeV. To calculate p, we use the parametrizations(Eqs.l71 and 
172) which reproduce the values of Ppp{nn) and Ppn obtained from the phase shifts 
and Coulomb interference measurements[81]. 
Regarding the parameter /?^, it is well known that it is an energy dependent 
quantity. Unfortunately, we do not have any parametrization for calculating /3^. 
and, moreover, very different values of /3^ have been used by different authors[56. 
73, 74] at a given energy. Therefore, we consider it appropriate to treat /?pp(„„) 
and /?lj as variation parameters and see if something more could be said about 
the slope parameter in the energy range 25-70 MeV. 
The second term, T ( ^ , in Eq.(165) takes care of the higher momentum trans-
fer components of the NN amplitude, and, moreover, the free variation of the 
parameters Aj may also simulate the contribution due to nuclear medium effects. 
Here it may be pointed out that in choosing an appropriate form for T{q), we 
take care of the fact that fNNio) should have essentially the same behavior as 
the (one-term) Gaussian parametrization for the NN amplitude at small q val-
ues; the truncation of the series in Eq.(166) depends upon the requirement of the 
nucleus-nucleus scattering data at energies under consideration. 
The results of the calculations for a — a elastic angular distribution at 25-70 
MeV/nucleon are presented in Figs. 43 and 44. In these calculations, we search for 
the values of /?^, 7, Ai, and A2, separately for pp(nn) and pn amplitudes, that may 
provide the best possible description of the elastic angular distribution data. The 
values of the parameters, obtained in this way, are reported in Table 8. It is found 
that the consideration of two terms in the Eq.(166) for T{q) provides a satisfactory 
explanation of the data, through the energy range 25-70 MeV/nucleon, up to the 
fairly large value of momentum transfer. 
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Table 8: Values of the NN amplitude parameters used to analyse a —'^ He elastic 
angular distributions; these values involve the experimental NN total cross section[77]. 





















































































0.4272 + 10.9342 
0.0948 + 10.4883 
0.3100 -1- 10.5000 
0.0440 + 10.3762 
0.2200 -1- 10.2200 
0.0200 + 10.2193 
0.1200 -t- 10.1698 
0.0120 + 10.1695 
0.0699 + 10.0911 
0.0049 + 10.1170 
0.0430 + 10.0570 































Here it is important to recapitulate that while obtaining the parameters of 
the NN amplitude, we have used the experimental values of the NN total cross 
section((7) [77]. However, the earlier microscopic studies[79, 80] have revealed that. 
at relatively lower energies, the in-medium NN total cross section is strongly mod-
ified by the Pauli blocking. Moreover, the results of our analysis in section 5.1 
demonstrate that it is not only the NN total cross section, but also the other para-
meters of the NN amplitude, which get modified in the nuclear medium. Keeping 
this in view, we consider it worthwhile to reanalyse the a — a scattering data by 
varying all the parameters(p, P^, 7, Ai, and A2), except the NN total cross section 
whose in-medium value has been fixed using the parametrization of Xiangzhou 
et al.[121]: 
Results and Discussion 139 
^pp(nn) = (13.73 - 15.04?;^^ + 8.76?;^^ + 68.67i;^) 
"" 1.0 + IS.Oly.^ ^^ ^''""^ 
cTpn = (-70.67 - 18.18^^^ + 25.26z;o"^  + 113.85vo) 
L0 + 2 a 8 8 ^ ^ ^ 
1.0 + 35.86pJ„9o ' ^ ' 
where crpp(„„) and crp„ are expressed in mb, VQ is the incident nucleon velocity 
in units of c, £"(06 is the incident nucleon energy in MeV, and Pm is the nuclear 
matter density in units of fm~^. In the present work the value of pm is taken as 
the central density of the target nuclei under consideration. The results of such 
calculations are presented in Figs. 45 and 46, and the corresponding parameters 
of the NN amplitude are given in Table 9. 
Table 9: Values of the NN amplitude parameters used to analyse a -^ He elastic 
angular distributions; these values involve the in-medium NN total cross section[121] 

















































































0.3911 -1- i0.8700 
0.0890 + 10.5610 
0.3335 + 10.5834 
0.0546 + 10.4912 
0.1820 + 10.1800 
0.0200 + 10.3398 
0.1212 + 10.1562 
0.0112 + 10.2099 
0.0584 -1- 10.0799 
0.0048 + 10.1465 
0.0427 + 10.0601 
0.0042 + 10.0452 
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It is found that these results are also as good as the one with the experimental 
NN total cross section(Figs. 43 and 44), but this exercise leads to a different 
set of the parameters involved in the calculation. This suggests that if we are 
using the experimental value of a, the in-medium effects relating PauU blocking 
seem to be simulated in the parameter values reported in Table 8. Thus, the 
NN amplitudes, as obtained in this work (hereafter referred to as F^ and F2 
corresponding to Tables 8 and 9, respectively), may be considered as equivalent 
choices from the point of view of reproducing the a —a scattering data at energies 
under consideration. 
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F I G . 4 3 . Elastic angular distribution for the a -*He scattering at 25, 
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FIG.44. Same as in FIG.43, but at 40, 50, and 
70 MeV/nucleon. 
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FIG.46. Same as in FIG.45, but at 40, 50, and 
70 MeV/nucleon. 
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For the slope parameter, /?^, we find that it increases with the incident energy. 
To gain more insight into the energy dependence of the slope parameter, we note 
that the NN amplitude is expected to be less and less nondiffractive with the 
increase in the energy of the projectile and the slope parameter, which appears in a 
Gaussian function exp(—/?^g^/2), could be mainly responsible for such a behavior 
of the NN amplitude. Thus it seems that the slope parameter should have an 
increasing trend with energy as obtained in the present analysis. Regarding the 
values of the other parameters, namely 7, Ai, and A2 in Fi and p, 7, Ai, and A2 
in F2, we notice that they also show a consistent variation in the energy range 
under consideration. Thus, we find that it is not only the trend of /3^, but also 
the contribution of Ai and A2, which demonstrates the importance of considering 
the nondiffractive behavior of the NN amplitude at relatively lower energies. 
In order to assess the effect of high q behavior of the NN amplitude, we compare 
the q dependences of Fi, F2, and the usually parametrized free NN amplitude[100, 
101] which corresponds to the first term in Eq.(165) with a,p, and P^ same as 
reported in Table 8. For this we present the corresponding elastic pp and pn 
angular distributions in Figs. 47-50. The blue and red curves are obtained 
using Fi and F2, respectively, while the green curve is the result of the free 
NN amplitude. In these calculations, we first compare the predictions of Fi 
with the free NN amplitude, as both these amplitudes involve the experimental 
NN total cross section. The results show significant deviations at large q values, 
which supports the need for the higher momentum transfer components of the NN 
amplitude in any realistic study of the nucleus-nucleus collision at relatively lower 
energies. Moreover, the comparison of the results with Fi and F2 shows that, 
though these amplitudes are equivalent for analysing the a — a scattering data, 
but the considerations of the experimental[77] and the in-medium[121] NN total 
cross sections lead to entirely different forms of the NN amplitude throughout 
the range of momentum transfer. More interestingly, such a comparison may 
provide some useful information regarding the medium modifications of the NN 
amphtude. 
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F I G . 4 7 . Elastic pp angular distribution at 25, 30, and 35 MeV. The 
blue and red curves correspond to the parameters of the 
pp amplitude as reported in Table 8 and 9, respecth^ely. 
The green curve is obtained using the free pp amplitude. 
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F I G . 5 0 . Same as in FIG.49, but at 40, 50, and 70 MeV. 
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In order to see how far the NN ampHtudes Fi and F2 are suitable in other 
situations, we present the analysis of the elastic scattering of 60 MeV/nucleon a 
particles on ^^Ni, ^^^Sn, and ^^'^Au. In the first phase, we perforin parameter free 
calculations with Fi in which the values of the parameters of the NN amplitude at 
60 MeV, quoted in Table 10, correspond to the average of their values at 50 and 
70 MeV given in Table 8. The results are shown by the blue curves in Fig. 51. It 
is seen that the extracted NN amplitude at 60 MeV(Table 10) works reasonably 
well up to moderate scattering angles. However, if we look from the point of view 
of reproducing the data, the results show large disagreement between theory and 
experiment in the angular range 8° < 9cm < 16°. As we know, the Glauber model 
calculations are physically meaningful only when one could have consistently a 
good description of the elastic scattering data for different target nuclei at the 
same incident energy, using the same input for the NN amplitude. Keeping this in 
view, we, therefore, perform another calculation in which we use the same values 
of the parameters of the NN amplitude, as reported in Table 10, and vary only the 
phase of the NN amplitude (7). The results of such calculations are also presented 
in Fig. 51 by the red lines. We now find that a very satisfactory account of the 
data is achieved in all the cases. The values of the phase variation parameter, 
obtained in this way, are given in Table 11; here we notice that these values are 
different from those reported in Table 10, and moreover, they show a systematic 
increase/decrease with the mass number. This indicates that the phase of the NN 
amplitude at a given energy gets modified in different ways once the interacting 
nucleons move in different nuclear media. Obviously such a variation of the NN 
amplitude does not affect the physics input of the NN amplitude. And hence a 
similar description for the NN amplitude, involving experimental NN total cross 
section, provides a consistently good account of the elastic a-nucleus scattering 
data at the same energy. Thus, our results demonstrate that once we compromise 
with the phase variation of the NN amplitude, the amplitude Fi seems to be fairly 
stable over a wide range of target nuclei in the energy range 25-70 MeV/nucleon. 
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Table 10: Values of the NN amplitude parameters at 60 MeV extracted from Table 8 
by taking the average of their values at 50 and 70 MeV(except for a and p, which are 






















0.0565 + i0.0740 
0.0044 + iO.0800 
A2 
(/m«) 
0.0037 - i0.0602 
0.0033 - i0.0417 
Table 11: Values of the NN amplitude phase parameter which account satisfactorily 
the a-nucleus elastic angular distribution at 60 MeV/nucleon, keeping the values of 
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F I G . 5 1 . Elastic angular distribution for 60 MeV/nucieon a particles 
58 11 fi 197 
from Ni, Sn, and Au using the parameters of the NN 
amplitude as reported in (i) Table 10 (blue lines) and 
(11) Table 11 (red lines); these parameters involve the 
experimental NN total cross section[77]. 
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In the second phase, we perform calculations with the NN amplitude F2 in two 
ways. The blue curves in Fig. 52 correspond to the parameter free calculations 
in which the values of the parameters of the NN amplitude at 60 MeV, quoted in 
Table 12, are obtained from the average of their values at 50 and 70 MeV given 
in Table 9. Here it may be noted that these calculations involve the in-medium 
NN total cross section with the same value of the nuclear matter density as used 
in the study of a - a scattering (Figs. 45 and 46). Since the Pauh blocking is 
much stronger in the a — a case, we expect that the results of such calculations 
would help in assessing the change in the q dependence of F2 when one goes 
from the a — a case to the a-nucleus one. The red curves in Fig. 52 involve 
the in-medium NN total cross section which assumes the average of the density 
distributions for ^^Ni, ^^^Sn, and ^^"^Au, as obtained from the work of De Vries 
et al.[105]; the values of the NN ampUtude parameters, obtained in this way, are 
given in Table 13. Here it may be noted that, except for the phase of the NN 
amplitude whose value is expected to be different for different target nuclei, the 
other parameters are same for the target nuclei under consideration. Comparison 
of the NN amphtude parameters, as reported in Tables 12 and 13, shows that one 
needs an entirely different set of the parameters of the NN amplitude in order to 
provide a satisfactory explanation of the a-nucleus elastic scattering data at 60 
MeV/nucleon throughout the available range of momentum transfer. 
Figure 53 shows the q dependences of the NN amplitudes at 60 MeV with 
blue and red curves correspond, respectively, to the NN amplitude parameters as 
reported in Tables 12 and 13. We find that, though there are minor changes in the 
results of the elastic angular distributions for o;-nucleus scattering(Fig. 52), the 
large deviation in the NN angular distributions(Fig. 53) gives an idea of strong 
Pauli blocking in the a —a case as compared to the a-nucleus one. Moreover our 
results demonstrate that the NN amplitude, with its parameters given in Table 
13, is fairly stable over a wide range of medium to heavy weight target nuclei at 
60 MeV. 
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Table 12: Values of the NN amplitude parameters at 60 MeV extracted from Table 9 
by taking the average of their values at 50 and 70 MeV(except for a, whose in-medium 





















0.0506 -1- 10.0699 
0.0045 + i0.0958 
A2 
(/m«) 
0.0035 - iO.0631 
0.0031 -10.0339 
Table 13: Values of the NN amplitude parameters which account satisfactorily the 
a-nucleus elastic angular distribution at 60 MeV/nucleon; these values involve the in-
medium NN total cross section[121] with /9^=0.16/m^^, which is the average of Pm for 
















































0.0757 + 10.0637 
0.0072 + iO.0580 
0.0757 + 10.0637 
0.0072 + 10.0580 
0.0757 + 10.0637 
0.0072 + 10.0580 
As 
(/m«) 
0.0047 - 10.0300 
0.0057 - i0.0402 
0.0047 - 10.0300 
0.0057 - 10.0402 
0.0047 - 10.0300 
































F I G . 5 2 . Elastic angular distribution for 60 MeV/nucieon a particles 
SB 11 fi 197 
from Ni, Sn, and Au using tiie parameters of the NN 
amplitude as reported in (i) Table 12 (blue lines) and 
(ii) Table 13(red lines); these parameters Involve the 
in-medium NN total cross sectlon[121]. 





F i G . 5 3 . Elastic angular distribution at 60 MeV. The blue 
and red curves are obtained using the parameters 
of the NN amplitude as reported In Tables 12 and 
13, respectively. 
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Finally, we consider our theoretical estimates for the total reaction cross sec-
tions an for a-nucleus scattering. We first compare these values for a-''He scat-
tering at 25-70 MeV/nucleon(Tables 8 and 9) with those predicted using the 
double-folding optical model(DFOM) calculations[127]. It is found that our esti-
mates with Fi, except at 70 MeV/nucleon where DFOM results show a sudden 
dip, are lower than the DFOM predictions. Moreover, we notice that the predic-
tions with F2 further underestimate the corresponding results with Fi. This later 
result supports the finding of Xiangzhou et al.[121], in which it was shown that 
the total reaction cross section for the nucleus-nucleus scattering with in-medium 
NN total cross section is lower than the one with the experimental NN total cross 
section in the energy range of our interest. This comparison, however, makes it 
difficult to assess the suitability of the present and the DFOM calculations in the 
context of having a complementary behavior of the elastic angular distribution 
and of the total reaction cross section, as no experimental data are available for 
the total reaction cross section for a — a scattering at energies under considera-
tion. Next, we consider our predictions for the a^ for a-nucleus scattering at 60 
MeV/nucleon(Tables 11 and 13). Here we have considered only ^^Ni and ^^^Sn, 
as the experimental data at other energies are available for these nuclei [128]. We 
find that our predicted values closely follow the trend of the experimental data 
reported in Ref.[128]. This shows that the NN amplitudes with experimental [77] 
and proper in-medium[l21] total cross sections are not only equivalent from the 
point of view of reproducing the a-nucleus elastic scattering data, but one can 
also use them for reproducing simultaneously the elastic angular distribution and 
the total reaction cross section for a-nucleus scattering at the energies under 
consideration. Still, we need some more data on a-nucleus elastic angular distri-
bution and total reaction cross section at various incident energies and also for a 
wide range of target nuclei in order to confirm the findings of the present analysis. 
In summary, we have presented a theoretical study of the elastic a - a scat-
tering at 25-70 MeV/nucleon using the leading(first) term of the Coulomb modi-
fied effective profile expansion for the Glauber amplitude for the nucleus-nucleus 
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scattering. We emphasized the use of NN ampUtude whose small q behavior is 
understood separately in terms of (i) the experimental , and (ii) the in-medium 
NN total cross sections, whereas the large q behavior is obtained through some 
adjustable parameters. Moreover, we have also included the phase variation of 
the NN amplitude. 
By varying the parameters of the NN amplitude, we find that the data are re-
produced fairly well at all the energies under consideration. The slope parameter 
of the NN amplitude is found to increase with the incident energy. Moreover, the 
parameters, which are responsible for the large q behavior of the NN amplitude, 
also show their consistent variation with the energy. This, together with the slope 
parameter, thus indicates the need of considering the nondiflFractive behavior of 
the NN amplitude at relatively lower energies. From the point of view of the 
a — a scattering, we find that the data are reproduced equally well whether we 
use the experimental or the in-medium values of the NN total cross section. But 
this exercise leads to two different sets of the NN parameters, suggesting that 
if one uses the experimental value of the NN total cross section, the in-medium 
effects relating Pauli blocking seem to be simulated in the parameters involved in 
the calculation. Moreover, we have demonstrated that the consideration of the 
in-medium NN total cross section leads to an entirely different q dependence of 
the NN amplitude as compared to the one with the experimental NN total cross 
section. 
To check the suitability of the NN amplitudes in other situations, we study 
the elastic angular distribution of 60 MeV/nucleon a particle scattering on ^^Ni. 
^^^Sn, and ^^^Au, for which the values of the parameters of the NN amplitude are 
extracted from the average of their values at 50 and 70 MeV. It is seen that our 
NN amplitude, with the experimental NN total cross section, works reasonably 
well, and we have a fairly satisfactory account of the data up to the moderate 
range of momentum transfer. In order to see if the situation could be improved, 
we also made another calculation in which we allow the free variation of the phase 
of the NN amplitude, keeping the other parameters same as obtained from the 
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analysis of a — a scattering data. It is seen that the data are nicely reproduced. 
The values of the phase variation parameters are found to be different for different 
target nuclei. This indicates that the phase of the NN amplitude gets modified 
in different ways by different target nuclei at a given incident energy. Since 
such a variation of the NN amphtude does not alter the basic physics of the NN 
amplitude, we find that a consistently good account of the elastic scattering data 
could be achieved for different a-nucleus systems at the same energy, using the 
similar description for the NN amplitude. On the other hand, our analysis with 
the NN amplitude, that involves the proper in-medium NN total cross section, 
highlights the change in the q dependence of the NN amplitude due to Pauli 
blocking when one goes from the a — a case to the a-nucleus one. Moreover, we 
find that the NN amplitude, with the in-medium total cross section, is fairly stable 
for those a-nucleus systems in which the Pauli blocking modifies the in-medium 
NN total cross section in almost a similar way. 
Finally, in connection with the a-nucleus total reaction cross sections apt at 60 
MeV/nucleon, we find that our predicted values closely agree with the trend of 
the experimental data reported in Ref.[128]. This shows that our NN amphtudes 
are equally capable of reproducing simultaneously the elastic angular distribution 
and total reaction cross section for a — nucleus scattering at the energies under 
consideration. This indicates that the Glauber model with a proper choice of the 
NN amplitude could be used to provide the simultaneous description of the elastic 
angular distribution and total reaction cross section for a-nucleus scattering at 
relatively lower energies. Thus, the application of conventional Glauber theory 
seems to be justified even at relatively lower energies and up to the i;airly large 
momentum transfer, provided its basic ingredient, the NN amplitude, is suitable-
modified such that it takes care of its higher momentum transfer components. 
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5.4 a-Nucleus Total Reaction Cross Section in 
the Energy Range 69.6-192.4 MeV 
In this section we consider the analysis of total reaction cross section (cr/?). 
which is one of the most important physical quantities characterizing the nuclear 
reactions[l 12,129-131] and has drawn considerable interest over the past about 
three decades both on experimental[lll,112,132-145] as well as theoretical[15,78.146-
162] fronts. The study of aji is very useful for extracting information about the 
nuclear sizes, and one finds that the Glauber model has been quite successful in 
getting the radii of radioactive nuclei from the measured values of (Ti^ [163]. It 
also finds applications in diverse research areas such as radiobiology and space 
radiation[164, 165]. Keeping this in view, Charagi and Gupta[78], and Alvi and 
Abdulmomen[161] have provided closed-form analytic expressions which can be 
used for a quick determination of a^ for nucleus-nucleus and a-nucleus collisions 
within the framework of the Coulomb modified Glauber model. Prom theoretical 
point of view, the studies of a^ may not only be helpful in minimizing the differ-
ent ambiguities in optical model calculations, one can also get the better picture 
of the reaction mechanisms when different models provide equivalent description 
of the elastic angular distribution data. 
Working within the framework of the Glauber multiple scattering model, many 
authors have applied this model to study nucleus-nucleus total reaction cross sec-
tion data[78, 112, 146, 166, 167]. The results of these studies show that the 
model works reasonably well at intermediate and high energies. Not only this. 
the Glauber model is found to give fairly good results at relatively lower en-
ergies provided it is suitably corrected to account for the Coulomb effects[94]. 
However, the unhappy feature of these studies is that they involve the so called 
optical-hmit approximation(OLA) of the full Glauber elastic S-matrix, which is 
found to be a rather poor approximation as the series for the Glauber S-matrix. 
whose first(leading) term corresponds to the optical-limit result, in the studies of 
nucleus-nucleus elastic angular distribution shows slow convergence. This shows 
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that one really needs to go beyond the OLA in order to get the better under-
standing of crj^ [148, 168] and the elastic angular distribution[67, 72, 74]. However, 
keeping in view the problems encountered in the analytic evaluation of even the 
leading term of the Glauber S-matrix for realistic description of nuclei, efforts 
have also been made to invoke other approximation schemes for analysing the 
nucleus-nucleus scattering within the framework of the Glauber multiple scatter-
ing model. Among these schemes the phase expansion approach of Franco and 
Varma[48] and the effective profile function approach of Ahmad[49] are found to 
give better approximations to the full Glauber S-matrix. 
In section 5.3, we have presented the analysis of Q-nucleus elastic scattering 
in the energy range 25-70 MeV/nucleon, in which emphasis has been put on the 
parametrization of the NN amplitude that may preserve the low q behavior and 
whose higher momentum transfer components may be treated phenomenologi-
cally. After correcting for the deviation in the straight line trajectory of the 
Glauber model due to Coulomb field[94], it has been demonstrated that the low 
and high q behaviors of the(free) NN amplitude could be assessed separately, and 
the data on a — a elastic angular distribution are reproduced satisfactorily well 
covering a fairly large value of momentum transfer. 
To test the usefulness of the NN amplitude that takes care of its higher mo-
mentum transfer components, the best course of study could have been the si-
multaneous description of the elastic angular distribution and aji, as they com-
plement each other. Unfortunately, the experimental data on the measurements 
of an are so sparse compared to those for the elastic angular distribution, one 
may not provide a simultaneous description of the elastic angular distribution 
and the a^ at similar incident energies. Keeping in view the status of (7/?. 
Uppasala/Redlands[128, 136, 140] collaboration has performed measurements for 
aji for light ions in the energy range 17-50 MeV/nucleon. 
Motivated by the success of Glauber model at projectile energy as low as 
19 MeV/nucleon (see our results in section 5.2), we, in this work, consider the 
analysis of a particle total reaction cross section data[128] for a variety of target 
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nuclei at 69.6, 117.2, 163.9, and 192.4 MeV. Like in sections 5.1-5.3, the present 
analysis too is based upon the Coulomb modified effective profile expansion for 
the Glauber amplitude, the first term of which contains all orders of scattering 
with no correlations, while the others depend successively upon the two-, three-, 
and many-body densities(correlations) of the colliding nuclei. As demonstrated 
in Ref.[151], the effect of two-body density(correlation) term is insignificant at 
energies of our interest, we expect that the(leading) first term in the effective 
profile expansion could not only suffice for the study of a^, but also provides a 
better (microscopic) understanding of the subject in the present analysis. Not 
only this, our calculations for aji may be as quick as the one performed with 
the closed (analytic) expressions for aR[78, 161]. To be more specific, our aim. 
in this work, is to see how far the NN ampUtude, used in section 5.3, could be 
helpful in the analysis of a-nucleus total reaction cross section at energies under 
consideration, and what could be said about the behavior of the NN amplitude 
from the point of view of providing the simultaneous description of the elastic 
angular distribution and aR at relatively lower energies. 
As mentioned above, the study of Abduimomen and Ahmad[151] has shown 
that the effect of the two-body density term in the analysis of Q-nucleus total 
reaction cross section is small, and if we look into the trend of the results for 
Q; —^^0(Fig.l in Ref.[151]), we could say that the effects of two-body density term 
may be ignored in the energy range considered in this work. Thus the results of 
Ref.[151] show that in the analysis of a-nucleus total reaction cross section, the 
consideration of the first term in the effective profile expansion for the Glauber 
amplitude(see Chapter 3, section 3.3) seems to be a good approximation to the 
full Glauber S-matrix at relatively low incident energies: 
Sei{b)c^[l-Toor, (178) 
where Poo has the same meaning as in Chapter 3. Equation(178) has, however, 
been modified to account for the deviation in the straight line trajectory of the 
Glauber model because of the Coulomb field [94]. 
Following the approach outlined above, we have analysed the a- nucleus total 
Results and Discussion 163 
reaction cross section data of Ingemarsson et al.[128] at 69.6, 117.2, 163.9, and 
192.4 MeV. The inputs needed in the calculation are the NN amphtude and the 
form factors of the colliding nuclei. The nuclei involved in the analysis are ^He. 
^Be, l ^ C , 1^0, 28^^^ 40<^„^ 58,60^^^ 112,116,120,124^^^ ^^^j 208p^ 
As discussed in Chapter 4(section 4.2), the required nuclear form factors are 
parametrized in the same form as in Eq.(167) in which the values of the para-
meters for nuclei under consideration are taken from Table 1. Since our interest, 
in this work, is to establish the suitability of the NN amplitude used in section 
5.3, the present analysis of a-nucleus total reaction cross section also considers 
the similar form of the NN amphtude as given in Eq.(165). The values of the 
parameters of fNNio), namely a, p, 0'^, Xi, and A2 should be the same as for 
the NN scattering at one-fourth of the kinetic energy of the incident a particle. 
In the present analysis, we need their values at 17.4, 29.3, 40.9, and 48.1 IVIeV. 
The values of a are obtained using the parametrizations of the NN total cross 
sections(Eqs.l69 and 170) which nicely reproduce the experimentally determined 
NN total cross sections [77], (Tpp^nn^ and (7p„, in the energy range 10 MeV to 1.0 
GeV. To calculate p we use the parametrizations(Eqs.l71 and 172) which repro-
duce the values of ppp(nn) and Ppn obtained from the phase shifts and Coulomb 
interference measurements [81]. 
To obtain the values of the other parameters of /ATAT (9)1 namely /?^, Ai, and 
A2, we proceed as follows: 
It is well known that the Glauber model calculations are physically meaning-
ful only when one could have consistently a satisfactory account of the available 
scattering data for different target nuclei at the same incident energy/nucleon. 
using the similar description for the (input) NN amplitude. Keeping this in view. 
we first calibrate the parameters (/5 ,^ Ai, and A2) of the NN amphtude at the re-
quired incident energies/nucleon. For this, we analysed the an for a—^Be system 
at 69.6, 117.2, 163.9, and 192.4 MeV. The values of the parameters of fNN{q) 
obtained in this way are reported in Table 14; the corresponding values of the 
phase variation parameter(7) are given in Table 15. We, then, undertake the sec-
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ond part of the present work, in which the calculations are performed for a^ for 
Q particles on ^^C, ^^O, ^^Si, ^^Ca, ^^'^^Ni, 112,116,120,124^ ^^  ^^^ 208pf^ ^^ 1^ 7 2. 
163.9, and 192.4 MeV and on light nuclei also at 69.6 MeV using the same values 
of the parameters of fNNio) as reported in Table 14, but vary only the phase 
of the NN amplitude which, as discussed earlier, could possibly be different for 
different target nuclei. The results of such calculations are shown by the red lines 
in Figs. 54-57. The values of the phase variation parameter, so obtained . are 
given in Table 15. The blue hues in Figs. 54-57 depict the corresponding results 
without any phase variation(7=0) of the NN amplitude. The open circles are the 
experimental data of Ingemarsson et al.[128]. Table 15 also reports the experi-
mental values of CT/t((7^ ^^ ), and their corresponding predicted values with((7^) and • 
without (a^) the phase of the NN ampHtude for different target nuclei at differ-
ent incident energies of the a particle. The quantity u^* in Table 15 represents 
the predicted values of aji, without the phase of the NN amphtude, which are 
calculated using the OLA, in which the Glauber S-matrix is written as[48]-. 
Sei{b) ~ e-^ ^^oo(^ "). (179) 
Table 14: Values of the NN amplitude parameters obtained from the analysis of a—^^ e^ 
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Table 15: Values of the NN amplitude phase variation parameter which account sat-
isfactorily the a-nucleus total reaction cross section(aii), keeping the values of cr, p. 
P^, M, ^2 same as quoted in Table 14. The predicted values of aji with and without 
the phase variation(7) of the NN amplitude are represented by cr^ and a^ respectively. 
(T^ is the predicted value of CTR without 7 using the OLA. The last column gives the 
corresponding experimental values of crH[128]. 
Target Energy/nucleon 7pp(nn) lpn{np) <^ fl <^R (^T ^"R" 






























































































































970 ± 26 
812 ± 21 
716 ± 38 
648 ± 18 
961 ± 39 
804 ± 31 
741 ± 58 
698 ± 28 
1052 ± 80 
973 ± 62 
895 ± 100 
850 ± 58 
1400 ± 70 
1270 ± 60 
1190 ± 100 
1110 ± 60 
1610 ± 120 
1470 ± 60 
1410 ± 120 
1370 ± 70 
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1640 ± 80 
1670 ± 150 
1550 ± 90 
1670 ± 85 
1700 ± 160 
1610 ± 90 
2140 ± 160 
2190 ± 240 
2020 ± 160 
2340 ± 150 
2175 ± 240 
2150 ± 160 
2360 ± 150 
2380 ± 250 
2300 ± 170 
2340 ± 160 
2310 ± 240 
2200 ± 160 
2990 ± 180 
2720 ± 250 
2900 ± 190 
The comparison between the predicted values of OR in Figs. 54-57 with(red 
Hnes) and without (blue lines) the phase of the NN amplitude shows that the 
phase of the NN amplitude pushes the theory closer to the experiment and we 
have quite a satisfactory account of the data for all the target nuclei at energies 
under consideration. The values of the phase variation parameter, reported in 
Table 15, show a systematic change with the energy of the a particle for a given 
target nucleus. This supports our findings reported in section 5.3 in which we 
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have shown(see Table 8) that the phase of the NN ampUtude gets modified in 
different ways at different incident energies even if the interacting nucleons move 
in the same target nucleus. 
Regarding the phase variation of the NN amplitude, we further add that since 
the phase of the NN amplitude does not alter the basic physics of the NN ampli-
tude, it seems that the NN amplitude, as obtained in this work, is fairly stable 
over a wide range of target nuclei. Moreover, we find that the values of the 
parameters(/?^,Ai, and A2) of fNNio), quoted in Table 14, follow the trend of 
their corresponding values obtained in section 5.3(Table 8). Thus the NN ampli-
tude, as used in section 5.3 and also in this work, could provide consistently a 
good account of both the elastic angular distribution and an at energies under 
consideration. 
Finally, we compare our predicted values of an using the Eqs.(178) and (179) 
for the Glauber S-matrix without the phase variation of the NN amplitude, rep-
resented by cr^  and a^\ respectively, in Table 15. It is found that although the 
OLA (Eq.l79) and the first term of the effective profile expansion for the Glauber 
amplitude(Eq.l78) are two different ways of evaluating the Glauber S-matrix, the 
calculations show that they predict nearly the similar values of a^. To look into 
the possible causes of such findings, we have calculated the values of |5'e;(6)|^in 
two situations. Our results show that the values of \Sei{b)\'^ are almost similar 
whether we calculate it using the Eq.(178) or Eq.(179). This shows that the 
OLA does not lead to substantial changes in the uncorrelated Glauber model, 
and hence the OLA and the first term of the effective profile expansion(Eq.l78) 
may be taken as equivalent choices for calculating the an at energies under con-
sideration. Moreover, we find that the consideration of the phase of the NN 
ampHtude (7) in the OLA could predict the a^ as good as the one obtained using 
the uncorrelated part of the expansion(178) in the presence of 7. But, we have 
noticed that this exercise leads to another set of 7 values (results not shown) that 
is different from the one quoted in Table 15. Here it may be emphasized that 
since there is no way to connect 7 with the existing NN scattering observables, it 
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is not possible to assess which one of the two sets of 7 values corresponds to the 
exact behavior of the NN amplitude in a given situation. Thus it seems that once 
we compromise with the phase of the NN amplitude, the OLA and the uncorre-
lated part of the expansion(178) may be considered on equal footings to provide 
a satisfactory account of the an data at energies considered in this work. 
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F I G . 5 4 . Total reaction cross sections for a particles on'Be, "c, and 
'^O using the parameters of the NN amplitude as reported in 
Table 14. The red curves include the phase variation of the 
NN amplitude, whose values are given in Table 15. The blue 
curves ignore the phase variation of the NN amplitude. 
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FIG.55. Same as in FIG.54, but for a particles on "Si, ^Ca, 
and " N I . 


















FIG.56. Same as in FIG.54, but for a particles on ^ Ni, ^^ ^Sn, 
and ^ '^Sn. 
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FIG.57. Same as in FIG.54, but for a particles on Sn, ^^Sn, 
. 208-1. 
and Pb. 
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In summary, we have presented a theoretical study of the total reaction cross 
section data of a particles from target nuclei ranging from ^Be - '^^^Pb at 69.6. 
117.2, 163.9, and 192.4 MeV using the leading (first) term of the Coulomb modi-
fied effective profile expansion for the Glauber S-matrix for nucleus-nucleus colli-
sion. Our main focus, in this work, is to assess the suitability of the NN amplitude, 
used in section 5.3, from the point of view of providing a simultaneous description 
of the elastic angular distribution and a^ in the energy range under consideration. 
In this work, we have first calibrated the parameters of the NN amplitude by 
analysing the a -^Be total reaction cross section at energies under consideration. 
The NN amplitude parameters, so obtained , are then used to analyse the api for 
other target nuclei in which we consider the sole variation of the phase of the NN 
amplitude, which could be different not only for different target nuclei but also 
for different incident energies/nucleon. We have also predicted the values of a^ 
using the OLA and the first term of the correlation expansion for the Glauber 
S-matrix without considering the phase of the NN amplitude. 
The comparison of the predicted values of an with and without the phase of 
the NN amphtude shows that the consideration of the phase of NN amplitude 
brings the predictions closer to the experiment and we have quite a satisfactory 
account of the data in all the cases. The values of the phase variation parameter 
show a consistent change with the incident energy of the a particle for a given 
target nucleus, suggesting that the phase of the NN amplitude could be different 
at different incident energies even if the interacting nucleons move in the same 
target nucleus. In this context, it may be further pointed out that since the phase 
variation of the NN amplitude does not change the basic physics of the NN ampli-
tude, the NN amplitude, as obtained in this work, seems to be fairly stable over a 
wide range of target nuclei. Moreover, we notice that the values of the parameters 
of /AfAr(?) (Table 14) follow the trend of the corresponding values quoted in section 
5.3. This shows that the NN amplitude, as obtained in section 5.3 and also in this 
work, could be used to provide consistently a good account of both the elastic 
angular distribution and a^ at energies under consideration. Here, it is impor-
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tant to add that despite of the fact that the semiphenomenological NN ampUtude 
works reasonably well in different situations, still it is desirable to have more pre-
cise data on elastic angular distribution and an for nucleus-nucleus collision at 
matching incident energies/nucleon, so that one may undertake the analysis of the 
said experimental data with a motive of having a better understanding of the NN 
amplitude especially at large q values, at energies under consideration. Further, 
we have argued that the OLA and the first term of the correlation expansion(178) 
may be considered as equivalent choices for providing an independent description 
of UR at energies under consideration. Finally, we conclude that if we look into 
the simultaneous description of the elastic angular distribution and a^, it seems 
to be the nondiffractive behavior of the NN amphtude whose consideration may 
push down Glauber model at relatively lower energies. 
Chapter 6 
Summary ancf ConcCusions 
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In this work we have analysed 
(A) the elastic angular distribution and total reaction cross section(cri?) for 
12C -12 C, i2C-40Ca, i2C-90Zr, and ^^C-^^^Ph systems in the energy range 
300 MeV-2.4 GeV, 
(B) the elastic angular distribution for ^^0-^^C, ^^O-^^O, and ^^O-^ospb sys-
tems in the energy range 300 MeV-1.120 GeV, and ^^0-^^C, ^^0-^^Si, i^O-^oCa. 
i6(9_902i.^ and ^^O-^ospb systems at 1.503 GeV, 
(C) the elastic angular distribution for Q — a system in the energy range 25-70 
MeV/nucleon and a—^^Ni, a—^^^Sn, and a—^^^An systems at 60 MeV/nucleon. 
and 
(D) the total reaction cross section for a particles from ^Be, ^^C, ^^O, '^^Si, ^^Ca. 
58,60^^^ 112,116,120,1245„^  ^ud ^^^Pb at 117.2, 163.9, and 192.4 MeV, and from ^Be. 
12C, 16(9, 285z, and "^Ca also at 69.6 MeV. 
The analysis is performed within the framework of the Coulomb modified[56. 
57] correlation expansion for the Glauber amplitude based on the effective profile 
function approach as developed by Ahmad[49]. Emphasis has been put on the 
parametrization of the basic (input) NN amplitude, which may be used for a wide 
range of angles. Our main concern, in this work, is to (i) assess the importance 
of higher momentum transfer (nondiffractive) components of the NN amplitude 
in nucleus-nucleus collision, and (ii) predict the behavior of the NN amplitude at 
energies under consideration. 
In part(A), the calculations are performed in three steps: In the first step. 
we have searched for the values of the parameters of NN amplitude that ma}' 
provide a satisfactory explanation of the elastic angular distribution and total 
reaction cross section for ^^C- ^"^C system at 300 MeV, 360 MeV. 1.016 GeV. 
1.449 GeV, and 2.4 GeV, and ^^C-^oCa system at 420 MeV with the condition 
that the (free) NN total cross section(a) [77] and the ratio of the real to the imag-
inary parts of the (forward) NN amplitude(p)[81] be correctly reproduced at the 
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corresponding energies/nucleon. Retaining up to the two-body density term in 
the correlation expansion for the Glauber amplitude and using the realistic den-
sities for the colliding nuclei, it is found that the consideration of two terms in 
the NN amplitude(163) provides a significant improvement over the results with 
the usually parametrized (one-term) Gaussian NN ampUtude[100, 101], and we 
now have quite a satisfactory explanation of the data throughout the range of 
momentum transfer. This clearly indicates the importance of large q components, 
and hence the nondiffractive behavior, of the NN scattering at relatively lower 
energies. Furthermore, it has also been shown that between the effective profile 
and phase expansion approaches, the former one seems to be the better choice 
for microscopic description of ^^C- nucleus scattering at energies vmder consid-
eration. Having obtained the values of the parameters of the NN amplitude at 
25, 30, 35, 85, 120, and 200 MeV, we, in the second step, assessed the suitability 
of the extracted NN amplitude for ^^C-'^°Cei at 300 MeV, ^^C-^°Zv at 300 and 
420 MeV, and ^^C-^^^Ph at 300 MeV, 420 MeV, 1.449 GeV, and 2.4 GeV. It 
is found that the NN amplitude, obtained in the first step, seems to be fairly 
stable over a wide range of target nuclei. In the third step, we attempted to see 
the in-medium effects on the (free) NN scattering amplitude. For this, we varied 
the parameters of the NN amplitude(163) up to the extent of getting simultane-
ous(good) descriptions of the elastic angular distribution and total reaction cross 
section without imposing any condition on a and p. The results of such cal-
culations support the microscopic findings[79, 80] that the in-medium NN total 
cross sections are less than the free ones. Moreover, the present study also sheds 
some light on the possible in-medium effects on the other parameters of the NN 
amplitude. As regards the effect of the phase of the NN amplitude, we find that 
it does not help in improving the results, except for about 2-7% enhancement in 
the values of the total reaction cross section, obtained in the second step of our 
calculations without the phase of the NN amplitude. Finally, our calculations 
also highlight the importance of the cm. correlations in nucleus-nucleus collision 
at intermediate energies. 
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In part(B), we have analysed the elastic angular distribution for the scattering 
of ^^O from i^C, ^^o, 2831^  40^^^ 902^ ^ and ^ospb in the energy range 300 MeV 
- 1.503 GeV. To widen the scope of our work presented in part(A), we, in this 
analysis too, emphasize the same parametrization(163) for the basic (input) NN 
amplitude that may be used for a wide range of angles. The calculations consider 
the search for the parameters of the NN amplitude that may provide the best 
possible description of the elastic angular distribution of ^^O-nucleus system at 
energies under consideration. Along with this, we have also imposed the condition 
that a and p be reproduced at the desired energies/nucleon. Retaining up to 
two-body density term in the expansion for the Glauber amplitude, and using 
the realistic form factors for the colliding nuclei, it is found that we have quite a 
satisfactory explanation of the data in all the cases. Regarding the parameters 
of the NN amphtude, we find that, except for the phase of the NN amplitude 
which is indeterminate from the NN scattering observables and could possibly 
be different for different target nuclei, the other parameters show a consistent 
variation in the energy range under consideration. Moreover, we notice that the 
real part of the parameter /?^^(see Eq.(163)), 0rNN^ which mainly determines 
the slope of the NN amplitude, increases with the incident energy. This feature 
of the slope of the NN amphtude suggests that the NN amplitude gets less and 
less nondiffractive with the increase in the energy of the projectile. Thus, we find 
that it is not only the trend of P^j^^, but also the contribution of higher terms 
in the NN amphtude(163), which demonstrates the importance of considering 
the nondiffractive behavior of the NN amplitude at relatively lower energies. 
Next, we have tested the stability of the NN amplitude at a given energy. In 
this connection, our calculation for ^^O-nucleus elastic angular distribution at 
1.503 GeV shows that once we compromise with the phase variation of the NN 
amplitude, the NN amplitude is fairly stable over a wide range of target nuclei. 
Moreover, our results show specifically the importance of cm. correlations in a 
variety of target nuclei in the energy range under discussion. As a final remark, 
we add that the results of the present analysis strongly support the findings of 
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our work presented in part(A), in which it has been emphasized that there is 
a need to consider the nondiffractive behavior of the NN amphtude in order to 
provide a satisfactory account of the data at relatively lower energies. 
In part(C), we have presented a theoretical study of the elastic Q — Q scattering 
at 25-70 MeV/nucleon using the leading (first) term of the Coulomb modified ef-
fective profile expansion for the Glauber amplitude for nucleus-nucleus scattering. 
Here we have emphasized the use of a semiphenomenological parametrization of 
the NN amplitude(165) whose small q behavior is understood separately in terms 
of (i) the experimental , and (ii) the in-medium NN total cross sections, whereas 
the large q behavior is obtained through some adjustable parameters. This para-
metrization of the NN amphtude assumes the same form as that for the N-Q 
amplitude[102, 103], except that the higher momentum transfer components are 
treated according to the need of the experimental data. Moreover, we have also 
included the phase variation of the NN amphtude. 
By varying the parameters of the NN amplitude, we find that the data are re-
produced fairly well at all the energies under consideration. The slope parameter 
of the NN amphtude is found to increase with the incident energy. Moreover, the 
parameters, which are responsible for the large q behavior of the NN amplitude, 
also show their consistent variation with the energy. This, together with the slope 
parameter, thus indicates the need of considering the nondiffractive behavior of 
the NN amplitude at relatively lower energies. From the point of view of the 
a — a scattering, we find that the data are reproduced equally well whether we 
use the experimental or the in-medium values of the NN total cross section. But 
this exercise leads to two different sets of the NN parameters, suggesting that 
if one uses the experimental value of the NN total cross section, the in-medium 
effects relating Pauli blocking seem to be simulated in the parameters involved in 
the calculation. Moreover, we have demonstrated that the consideration of the 
in-medium NN total cross section leads to an entirely different q dependence of 
the NN amplitude as compared to the one with the experimental NN total cross 
section. 
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To check the suitabihty of the NN amphtudes in other situations, we stud>' 
the elastic angular distribution of 60 MeV/nucleon a particle scattering on ^^Nl. 
^^^Sn, and ^^^Au, for which the values of the parameters of the NN amplitude are 
extracted from the average of their values at 50 and 70 MeV. It is seen that our 
NN amplitude, with the experimental NN total cross section, works reasonabh' 
well, and we have a fairly satisfactory account of the data up to the moderate 
range of momentum transfer. In order to see if the situation could be improved, 
we also made another calculation in which we allow free variation of the phase 
of the NN amplitude, keeping the other parameters same as obtained from the 
analysis of o; — a scattering data. It is seen that the data are nicely reproduced. 
The values of the phase variation parameter are found to be different for different 
target nuclei. This indicates that the phase of the NN amplitude gets modified 
in different ways by different target nuclei at a given incident energy. Since 
such a variation of the NN amplitude does not alter the basic physics of the NN 
amplitude, we find that a consistently good account of the elastic scattering data 
could be achieved for different a-nucleus systems at the same energy, using the 
similar description for the NN amplitude. On the other hand, our analysis with 
the NN amplitude, that involves the proper in-medium NN total cross section, 
highlights the change in the q dependence of the NN amplitude due to Pauli 
blocking when one goes from the a — a case to the a-nucleus one. Moreover, we 
find that the NN amplitude, with in-medium total cross section, is fairly stable 
for those a-nucleus systems in which the PauU blocking modifies the in-medium 
NN total cross section in almost a similar way. 
Finally in part(D), we have presented a theoretical study of the total reac-
tion cross section data of a particles from target nuclei ranging from ^Be - ^°^Pb 
at 69.6, 117.2, 163.9, and 192.4 MeV[128] using the leading (first) term of the 
Coulomb modified effective profile expansion for the Glauber S-matrix for nucleus-
nucleus collision. Our main focus, in this work, is to assess the suitability of the 
NN ampUtude, used in part(C), from the point of view of providing a simulta-
neous description of the elastic angular distribution and an in the energy range 
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under consideration. For this, we have first cahbrated the parameters of the NN 
amphtude by analysing the a - ^Be total reaction cross section data at energies 
under consideration. The NN amplitude parameters, so obtained, are then used 
to analyse the CR for other target nuclei in which we consider the sole variation 
of the phase of the NN amplitude, which could be different not only for different 
target nuclei but also for different incident energies/nucleon. We have also pre-
dicted the values of a^ using the optical-limit approximation(OLA) and the first 
term of the correlation expansion for the Glauber S-matrix without considering 
the phase of the NN amplitude. 
The comparison of the predicted values of a^ with and without the phase of 
the NN amplitude shows that the consideration of the phase of NN amplitude 
brings the predictions closer to the experiment and we have quite a satisfactor}-
account of the data in all the cases. The values of the phase variation parameter 
show a consistent change with the incident energy of the a particle for a given 
target nucleus, suggesting that the phase of the NN amplitude could be different 
at different incident energies even if the interacting nucleons move in the same 
target nucleus. In this context, it may be further added that since the phase of 
the NN amphtude does not change the basic physics of the NN amphtude, the 
NN amplitude, as obtained in this work, seems to be fairly stable over a wide 
range of target nuclei. Moreover, we notice that the values of the parameters 
of /Ariv(9)(Table 14) follow the trend of the corresponding values obtained in 
part(C). This shows that the NN amphtude, as obtained in part(C) and also 
in this part, could be used to provide consistently a good account of both the 
elastic angular distribution and a^ at energies under consideration. Here, it 
is important to add that despite of the fact that the semiphenomenological NN 
amplitude(165) works reasonably well in different situations, still it is desirable to 
have more precise data on elastic angular distribution and a^ for nucleus-nucleus 
collision at matching incident energies/nucleon, so that the analysis of the said 
experimental data could provide a better understanding of the NN amplitude 
especially at large q values, at energies under consideration. Further, we have 
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argued that the OLA and the first term of the correlation expansion may be 
considered as equivalent choices for providing an independent description of a/? 
at energies under consideration. Finally, we conclude that if we look into the 
simultaneous description of the elastic angular distribution and cr/?, it seems to 
be the nondiffractive behavior of the NN amplitude whose consideration may 
push down Glauber model at relatively lower energies. 
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(c) Dissertation for M.Phil. 
(d) Viva-Voce for M.Phil. 
Rs. 440/- per Paper 
Rs. 15/- per Answer Book 
Rs. 370/- per Candidate per Examiner 
Rs. 370/- per Candidate per Examiner 
Rates for MS / MD & MD (U) 
(a) Paper setting of M.S.,M.D. & M.D. (Unani) 
(b) Marking of A/B for M.S.,M.D., M.D. (Unani) 
(c) Thesis for M.S.,M.D., 8c M.D. (Unani) 
(d) Viva-Voce for M.S., M.D., & M.D. (Unani) 
Rs. 490/- per Paper 
Rs. 24/-per A/B 
Rs. 490/- per Candidate Per Examiner 
Rs. 490/- per day per Examiner 
Notes 
1. Contingent or postal expenses are payable to extemal examiners on production of postage receipt. 
2. The bill should be submitted within a year from the date of examination otherwise it would be treated as 
time-barred bill. 
Controller of Exams. 
Aligarh Muslim University, Aligaih 
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